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The tribological behavior of graphene and its role as a protective coating
Emil Jose Sandoz-Rosado
The scope of this thesis is to explore the fundamental tribological behavior of graphene as
a two-dimensional (2-D) nanomaterial and evaluate its performance as a protective coating.
Graphene is the strongest material ever measured, gas-impermeable, chemically and ther-
mally stable, and atomically-thin, making it an excellent candidate as a protective coating.
The fundamental tribological behavior of graphene and other 2-D materials under sliding
conditions has only just begun to be explored. In particular, the wear of graphene has
hardly been explored. The objective of this work is to investigate the tribological behav-
ior of graphene through atomistic simulation as well as experimental testing under various
sliding regimes and length scales.
Wear in a graphene monolayer, after scratch tests with a nanoindenter, was character-
ized for the first time using Raman spectroscopy, revealing new insights into the failure
of graphene after sliding. These sliding tests revealed a new frictional phenomenon where
friction increased linearly with sliding length over large distances. This was caused by
delamination likely due to the coalescence of small bubbles of gas trapped between the
graphene monolayer and substrate during sliding, confirmed with atomic force microscopy.
Furthermore, atomistic simulations of an asperity sliding over a graphene bubble mimicked
experimental results, further supporting this bubble coalescence hypothesis.
Graphene’s potential as an anti-corrosive coating was demonstrated for macro-scale,
commercially-available electrical connectors. It was demonstrated that even a monolayer
of graphene can prevent oxide and reduce electrical contact resistance by orders of magni-
tude.
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1.1 Motivation for nano scale protective coatings
Solid lubricants and protective coatings have been implemented at the macro scale for the
better part of a century. From a tribological standpoint, solid lubricants and coatings offer
several advantageous characteristics. Firstly, these coatings and lubricants do not require
a distribution system, such as a reservoir, filter or pump: they are simply added into the
interface between moving parts. This dramatically reduces system complexity, weight, and
the number of moving parts (the fewer moving parts in a system, the higher the robustness,
since there are fewer locations for potential mechanical failure). Secondly, solid lubricants
and coatings cannot evaporate and deplete. Liquid lubricants are subject to evaporation,
thereby reducing their protective ability over time in dry or vacuum environments. Finally,
liquid lubricants lose their lubricative ability at higher temperatures, near their boiling point.
Solid lubricants can generally withstand much higher temperatures. [1]
The facets of solid lubricants make them ideal for applications where reduced weight is
paramount (aircraft), systems that operate in a vacuum (space systems, semiconductor pro-
cessing equipment), or systems that are remote in general. The potential for solid lubricants
could not be better illustrated than in the case of the Kepler space telescope. NASA’s 600
million dollar telescope was made inoperable in the Spring of 2013 due to a mechanical failure
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in two of its stabilizer gyroscopes [2]. The failures in the gyroscopic wheels were attributed
to a degradation of the lubrication system, which was liquid. With Kepler being extremely
remote (it is an orbit around the sun, millions of miles away from the earth), possibility for
lubricant replenishment and system repair is impossible. Clearly, solid lubricants have a role
as a protective tribological system.
The role of nano scale solid lubricants has emerged only in the past two decades. The
largest application for nano solid lubricants is for hard disk drives [3, 4]. Since the read/write
function of the hard drive head is magnetic, the maximum depth of writing into the disk
substrate drops exponentially the farther the write head is from the disk. The closer the
read/write head is to the disk, the larger the data density. Currently, the fly height is only
a few nanometers (the aspect ratio is comparable to a Boeing 747 flying 10 inches off the
ground). To protect data loss from crashes, protective coatings only nanometers thick are
implemented.
Furthermore, there is an increasing market for flexible electronics, where thin, flexible
protective coatings such as graphene are very useful [5]. Finally, with the advent of MEMS,
development nanoscale protective coatigs is imperative. Because frictional forces become
dominant to inertial forces at the nano and micro scale, MEMS devices are subject to greater
friction and wear and require novel, thin, protective coatings [6].
Graphene, which is hexagonally-oriented carbon, is atomically-thin, incredibly strong,
gas impermeable, and chemically and thermally stable. These qualities make it an ideal
protective coating. Since graphene was only isolated in the past decade, and only produced
at macro scale in the past five years, its potential has only just been explored. As such, it is
imperative that further study on graphene’s tribological behavior, and potential applications
be conducted.
2
1.2 Tribology of graphitic materials
The tribological performance of graphite has captured interest from the scientific community
Since Bragg’s seminal work on crystallography in 1928 [7]:
The great distance between layer and layer [of graphite] is naturally associated
with weakness in their mutual attraction. It is just this peculiarity that makes
graphite so perfect a lubricant. One layer can slide freely over another.
Examination of the lubricative behavior of graphite garnered attention, particularly with
slippery adsorption films caused by water vapor [8, 9, 10]. With the advent of the field of
nanotribology and atomic lateral force microscopy, further studies on the frictional properties
of graphite were carried out. The stick-slip description of friction for highly-ordered pyrolitic
graphite (HOPG) was refuted [11] and it was found that freshly-cleaved (0001) planes of
HOPG have frictional forces three orders of magnitude less than rough macroscopic graphite
[11]. While there has been great focus on the nanoscale frictional behavior of graphene
[12, 13, 14] and graphite, nanoscale wear of layered materials, particularly of graphene,
has received less attention. Continuous-wear studies have been conducted at the nano and
micro-scales for diamond-like carbon (DLC) among other materials [15] as well as the inter-
layer slip of graphene under nanoscale sliding conditions [16] and graphene flake formation
during indentation [17]. However, the conditions of failure of graphene layers under sliding
conditions have only just begun to be examined [18], leaving many questions, of which some
were posed by the authors in the aforementioned work.
1.3 Tribology of graphene and two-dimensional mate-
rials
Frictional behavior of graphene has garnered recent attention, with several studies demon-
strating the frictional anisotropy of graphene grains [13, 19] primarily due to the development
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Figure 1.1: Schematic diagrams illustrating the existence of friction domains [13].
of wrinkles. The wrinkles can inhibit motion by prematurely causing the puckering effect
(Fig. 1.1).
Additionally, friction of graphene is greatly affected by graphene-to-substrate adhesion
and the number of graphene layers, since the ability of graphene to conform to the sliding
asperity increases contact area and therefore exacerbates friction [12, 20]. In the previously-
cited study it was observed that during sliding the graphene bunches around the tip on the
sliding front, causing a friction-increasing phenomenon known as the “puckering effect”. This
deformation phenomenon is mitigated on highly-adhesive substrates, such as when graphene
is deposited on mica and also when the graphene has multiple layers and cannot easily
comply with the sliding tip [12, 14, 20] (Fig.1.2).
One experimental study examined the friction and wear of graphene at the micro scale,
discovering that higher graphene-substrate adhesion diminished the puckering effect, and
thereby decreased friction [18]. In this study, it was also shown that CVD-grown monolayers
of graphene (both with copper and nickel catalysts) provided excellent lubrication when
transferred to a SiO2 substrate, reducing friction by more than a factor of three.
Friction force microscopy of graphene revealed that friction increases as tip-membrane
adhesion increases relative to graphene exfoliation energy, and can even result in a negative
coefficient of friction [21] (Fig.1.4).
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Figure 1.2: Diagram of a graphene membrane adhereing to a sliding tip and impeding motion,
causing an increase in friction [12].
Figure 1.3: Graphene’s low friction when compared to a silicon dioxide substrate it has been
transferred to [18].
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Figure 1.4: AFM study on the negative coefficient of friction of graphene and accompanying
physical diagram [21].
Another study used un-calibrated AFM measurements to examine friction and damage
of exfoliated graphene sheets on a silicon substrate, using the AFM tip to profile the scar
and determine wear depth [22]. Friction of graphene on a silicon substrate was favorable to
a bare silicon substrate (Fig. 1.5).
Aside from using estimated cantilever spring constants, the study was limited in determin-
ing wear due to the constraints of spatial resolution imposed by the radius of the AFM tip,
since catastrophic damage would have occurred long before the AFM could detect topograph-
ical changes in the graphene layers. The microtribological performance of epitaxially-grown
graphene was examined, again showing that monolayer graphene had lower friction than the
bare SiC substrate [23], seen in Figure 1.6. Wear was not quantified, but was qualitatively
examined by friction-force microscopy, with the stipulation that areas with graphene worn
away would have higher friction due to the exposed substrate.
A common conclusion of the aforementioned studies is that graphene (as low as one layer
thick) consistently and dramatically lowers friction when compared to bare substrates. This
was found regardless of whether the graphene was exfoliated, epitaxially-grown, or CVD-
6
Figure 1.5: AFM study on the low friction of graphene when compared to bare silicon [22].
Figure 1.6: AFM study on the low friction of graphene when compared to bare silicon carbide
[23].
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grown, whether the substrate was copper, nickel, silicon carbide, silicon, silicon dioxide, or
mica, and regardless of the number of layers.
Most of the attention on the nanotribological performance of graphene has focused on the
frictional behavior. Several studies have examined the impact of varying number of layers
[24, 25, 26], reporting that frictional forces are diminished with higher number of layers due
to a minimization of adhesion between contacting surfaces.
However, despite the attention to nano scale friction, wear of lamellar atomically-thin
materials, particularly of graphene, has received less attention since the problem is more
complex. Nanotribological studies have been conducted for bulk graphite, diamond and
diamond-like carbon (DLC) among other materials [11, 27, 28]. For amorphous carbon, wear
can be characterized as a continuous phenomena, due to the three-dimensional structure of
the material. Likewise, the nanotribological properties of crystalline diamond have been
extensively explored in atomistic simulations, including the impact of third-body particles
on friction and wear [27, 29, 30]. Conversely, wear of atomically-thin layers is not well
defined (e.g. cannot be defined by worn volume), and has only been explored in a limited
fashion. Graphene flake formation was also simulated during indentation [17], where layers
were lifted off due to strong adhesive forces, albeit without sliding and also without in-plane
tearing. The study of wear of graphene and its fundamental mechanisms has been relatively
overlooked, and requires further study.
1.4 Problem statement
There have been many recent studies into the mechanical and tribological performance of
graphene. Nevertheless, there are several questions of a fundamental and applied nature that
require elucidation: i) How do 2-D materials such as graphene fail under sliding? ii) How can
wear be quantified in 2-D materials? iii) Are there different regimes for friction and wear for
graphene whereby tribological mechanism change? iv) What are graphene’s mechanisms for
friction across many length scales v) What are potential applications of graphene coatings?
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The purpose of this research is to answer these questions in three major thrusts. First,
atomistic simulations of graphene under nano scale sliding conditions were performed. Ve-
locity, normal load, and surface adhesion were all parametrically varied. In simulation space,
graphene was tested with tips of various adhesive strength, substrates with varying compli-
ance and benchmarked with DLC as a protective coating. Secondly, nano and micro scale
scratch experiments were conducted using an AFM and a nanoindenter. During these tests
wear was quantified in a graphene monolayer using Raman spectroscopy. Thirdly, graphene
was successfully implemented as an anti-corrosive coating on commercial copper electrical
contacts and compared to industry-standard protective coatings.
This work seeks to expand the fundamental knowledge of graphene, as well as demonstrate
the feasibility of its implementation in real world application.
1.4.1 Background on the modeling of velocity-dependent friction
at the nano scale
Scientific observations of friction have been made since 15th century, by Leonardo da Vinci
[31]. A few centuries later, in 1699, Amontons discovered that the frictional force is indepen-
dent of apparent area of contact, but linearly proportional to the normal load (this linear
correlation leads to the coefficient of friction). In 1785, Coulomb postulated that friction was
independent of velocity. While this holds true in many scenarios, frictional dependence on
velocity has been observed in many materials [32]. This is especially true at the nano scale,
since a myriad of new forces, such as capilary and intermolecular forces, become prevalent
at smaller scales.
Experimentally, many have observed the velocity-dependence of friction with nano-scale
tests on various surfaces. Using an AFM on self-assembled monolayers, Ruths found that
friction increased non-monotonically with velocity [33]. Chen et al probed the frictional
behavior of various hydrogen-functionalized surfaces [34]. Atomistic simulations of abra-
sive tribological performance of graphene monolayers and trilayers show a strong velocity
9
Figure 1.7: (a) Model of a tip sliding on an atomically flat surface based on the Prandtl–
Tomlinson model. . (b) A schematic view of the tip movement in a sinusoidal interaction
potential. (c) Resultant stick-slip friction Fx [37].
dependence of friction and wear [35].
1.4.2 Frictional velocity dependence due to periodic potentials
The first narrative for velocity-dependence of friction was made in 1929, and describes the
emergence of velocity-based friction from the translation of a particle being pulled by a
moving spring through a periodic energy potential [36]. Known as the Prandtl-Tomlinson
model, this analysis became the basis for the fundamental understanding of sliding friction
at the nano scale [37].
The emergence of the velocity-dependence of friction is best described by Gnecco et al
[38] and later summarized by Holscher [37] and expanded by others [39, 40]. First, the
concept of stick-slip is developed, seen in Fig.1.7.
A particle is coupled by a linear elastic spring to the body M with spring constant cx
in x-direction. xt represents the position of the particle within an external potential V (xt)
with periodicity a. If xt = xM, the spring is in its equilibrium position. For sliding, the body
M is moved with a velocity vM in x-direction. The equation of motion for this scenario can
be written as:




Figure 1.8: (a) Particle is ”stuck” at local minumum with barrier energy ∆E required to
”slip” (b) the particle has jumped to the adjascent energy minimum [37].
where mx is the effective mass of the system, xM = vMt is the equilibrium position of the
spring at time t andγx is the damping coefficient.
The lateral force, Fx, to move the tip in the x-direction can be expressed as:
Fx = cx(xM − xt) (1.2)
With sufficiently low velocity, solutions to Eq.1.1 are derived with the assumption that




(xt − xM)2 + Vint(xt) (1.3)
In Figure 1.8a, the tip is trapped within an energy minimum locally, and there is an energy
barrier of ∆E required to move to the adjascent energy barrier to the right (Fig.1.8b). As the
mass M moves to the right, pulling the particle, ∆E vanishes, allowing the particle to slip.
The lateral force from the spring of mass M eventually overcomes the periodic interatomic
potential.












where Vint is the potential experienced by the sliding particle by the periodic lattice, with
barrier height E0 and periodicity a.The barrier ∆E can be overcome by thermal excitation
of the particle [38]. The probability that the particle does not jump, p(t), can be expressed









where T is absolute temperature, ∆E(t) is the energy barrier at time t, and f0 is the
resonance frequency of the particle at minimum energy and kB is the Boltzmann constant.
Using the assumption that dFx/dt = (dFx/dx)(dx/dt) = cxvM, a transformation of variables











The maximum of the probability of jumping can be obtained by setting d2p/dF 2x = 0 and











which can be solved for an analytical description of ∆E if the functional form of is
assumed. Gnecco et al proposed that the energy barrier was a linear function of Fx, however
Sang et al pointed out that thermal activation of stick slip usually occurs close to the critical
position, where the assumption of linear dependence of ∆E on Fx is not appropriate [41].
In this case the energy barrier can better be expressed as:
∆E = β−1(Fmax − Fx)3/2 (1.8)
where Fmax is the maximum possible lateral force at absolute zero and β is an arbitrary
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constant. Introducing this expression for energy barrier into Eq.1.6 yields an implicit function
















(Fmax − Fx)3/2 (1.9)







By assuming low-velocity and high-velocity scenarios in Eq.1.9, the critical velocity can
be explored. It is shown that the low velocity limit yields [43]:

















Frictional force can now be expressed as a function of velocity either implicitly Eq.1.9 or
explicitly assuming high (Eq.1.12) or low (Eq.1.11) velocity limits. Plotting the implicit and
explicit models, along with experimental data taken from mica at various normal loads, the
velocity dependence can be seen in Figure 1.9.
Expanding on the theory of a particle/spring/periodic-potential model, Persson et al
developed a model of an elastic string, similar to a 1-D membrane, sliding over a defect
based on work by Matsukawa et al [39, 44].
A lengthy and detailed description of the derivation of this model can be found in [39,
31]. The analysis to the model developed by Gnecco is similar, albeit with slightly altered
equations of motions and nomenclature. Ultimately, the model must be solved numerically,
and yields interesting results. After a dramatic increase at lower velocities, friction ultimately
decreases at higher velocities (Fig.1.11). This result will be of interest later in section 2.1.2,
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Figure 1.9: (a) The solid line represents the exact equation (1.9). The dotted and dashed lines
represent the approximations for low (Eq.1.11) and high (Eq.1.12) velocities, respectively.
(b) Experimental results compared with the model, obtained on mica in ambient conditions
at room temperature at various normal loads [37].
Figure 1.10: An elastic string sliding over a flat substrate with a point imperfection [39].
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Figure 1.11: Non-dimensional friction F¯0 as a function of non-dimensional velocity, v¯, barrier
height U¯ and temperature T¯ [39].
for results of atomistic simulations of abrasive wear in graphene.
1.4.3 Frictional velocity dependence due to capillary forces
Even bare mica resulted in frictional dependence on velocity. Tambe and Bhushan combined
numerous models (including Gnecco’s Prandtl-Tomlinson model) for friction and compared
it to experimental results to determine in which sliding regimes were certain frictional phe-
nomena dominant [1].
Tambe and Bhushan postulated that friction, F , can be considered as the sum of the
following forces:
F = Fadh + Fdef + Fstick−slip (1.13)
where Fadh is the friction force due to adhesive interaction of the two surfaces in contact,
Fdef is the friction force due to the deformation of asperities at the interface, and Fstick−slip
is the friction force due to the stick-slip behavior of the contacting surfaces. In the previ-
ous section, stick-slip frictional modeling was covered. Since experiments in later sections
deal with very smooth surfaces, the force due to the deformation of asperities, Fdef will be
neglected. That leaves the force of adhesion to define.
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For the sake of simplicity, the following analysis will assume a nominally ”dry” interface:
namely that there are no pools of liquid on either surface. This does not mean that there is
no effects due to liquid, only that liquid shear is not a contributing factor. As will be shown,
capillary forces from liquid condensation can still dramatically impact friction, whether or
not there are reservoirs of liquid on the surfaces. The friction of adhesion when only capillary
forces are considered is:
Fadh = Arτa (1.14)






contacts and Ar = FN/H for plastic contacts. FN is the total normal load, Rp is the average
radius of the asperities, E∗ is the composite modulus of elasticity, σp is the standard deviation
of the asperity peak heights, and H is the hardness of the sample. Total normal load can be
defined as:
FN = W + Fm (1.15)
where W is the nominal normal load and Fm is the contribution of the meniscus force.
The sum of the local menisci from individual asperities is the full meniscus force:
Fm = 2piRtγ(cos(θ1) + cos(θ2))N(t) (1.16)
where Rt is the radius of the contacting tip, γ is the surface tension of the liquid film, θ1
and θ2 are the contact angles for the sample and the tip, N(t) is the number of contacting and
near-contacting asperities where menisci form between surfaces. The number of asperities
with meniscus formation is dependent on the dwell time of the tip at the interface (the longer
the time, the more menisci form). Finding an expression for N(t) is critical for modeling
friction. For the purposes of this work we will consider a model where meniscus bridges form
between dry asperities due to condensation. The driving mechanism for the condensation of
meniscus bridges is thermal activation, and will depend on inter-surface asperity distance,
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Figure 1.12: Depiction of the formation of menisci, with asperity separation length, e [1].
dwell time, and temperature.
To model thermal activation, the energy associated with condensation of water molecules
must be expressed, and an estimation of maximum spacing between near-contacting asper-
ities must be determined. The distance of such a meniscus bridge is determined by the








where ρ is the liquid density and Ps/P is the ratio of ambient pressure to the saturation
pressure (equal to relative humidity). Typical values for water in ambient conditions yield
req on the order of nanometers. Surfaces should be closer than this req value in order for
capillary condensation to occur.
Although the critical limit for distance has been defined, the energy required to cause
condensation has not. The energy barrier, per asperity, can be quantified as the amount of
energy required to condense enough water to fill the volume of the meniscus bridge and can
be expressed as:
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∆E(e) = ρkBT ln(Ps/P )eAm (1.18)
for a meniscus bridge with cross-sectional area Am and spacing e between the surfaces at
the nucleation site. Assuming a thermal activation process, the number of bridges forming
will increase with time of dwelling, and can be expressed as:
t(e) = ta exp(∆E(e)/kBT ) (1.19)
where ta is the condensation time for one liquid monolayer. Combining Eqs. 1.17 and
1.19, the maximum spacing for which a meniscus bridge will form, as a function of dwell
time (and therefore, velocity, since the substitution will be made t = d/V ):
emax(t) = (Aρ ln(Ps/P ))
−1 ln(Va/V ) (1.20)
Clearly the number of meniscus bridge that will form will depend on surface topography,
since the asperities between surfaces will have to come within a distance emax of each other
for the meniscus to form. With statistical height distribution, the number of contacting and
near-contacting asperities that contribute to the total meniscus force can be approximated





= (λAρ ln(Ps/P ))
−1 ln(Va/V ) (1.21)





Now, the force of adhesion can be expressed as a function of velocity by combining














Combining the models of friction due to adhesion, with friction due to stick-slip (as well as
deformation and a few others that were not expanded on due to brevity), Tambe and Bhushan
set to fitting experimental data to determine which sliding regimes were dominated by what
type of friction. Due to the inverse logarithmic relationship, capillary forces were only
prevalent at lower velocities and vanished at higher velocities. Conversely, stick-slip forces
become dominant at higher velocities. These results of the model/experimental comparison
can be seen in Fig. and are also critical for understanding frictional behavior described in
later sections.
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Figure 1.13: Comparison of velocity-dependent friction models with experimental data for
Si02, diamond-like-carbon (DLC), self-assembled monolayer hexadecanethiol (HDT), and
perfluoropolyether lubricant (Z-15) [1].
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Chapter 2
Atomistic simulation of the friction
and wear behavior of graphene
In this chapter, the failure mechanisms of graphene under sliding are examined using atom-
istic simulations. The first model simulates abrasive wear of graphene using a purely re-
pulsive asperity. A parametric study of membrane-substrate adhesion, velocity, and loading
conditions was performed. Furthermore, tri-layer graphene was benchmarked with diamond-
like-carbon. In the second model, A 6nm diameter diamond tip is slid (at a controlled normal
load) over a graphene monolayer that is adhered to a semi-infinite silicon substrate. The
impact of tip adhesion on the wear and frictional behavior of graphene is studied by com-
paring two diamond tips, one of which has been hydrogen-passivated and the other which is
bare carbon. By contrasting the passivated and unpassivated tips, the interplay of adhesive
and abrasive wear on the graphene membrane can also be compared.
2.1 Modeling the abrasive wear of graphene and diamond-
like-carbon
The simulations in this section involved a perfectly smooth spherical nanoasperity being slid
over a graphene film that has been placed on a perfectly rigid substrate (see Fig. 2.1). The
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Figure 2.1: Simulation of a spherical nanoasperity sliding over a graphene film (grey bonds)
supported by a substrate of rigid atoms (red bonds).
graphene film was modeled using classical molecular dynamics in conjunction with realis-
tic inter-atomic potentials. The Adaptive Intermolecular Reactive Empirical Bond Order
(AI-REBO) potential [45], which is based on the second-generation REBO potential [46],
was employed in these simulations due to its capacity to accurately model hydrocarbon sys-
tems, particularly mechanical behavior of graphene [47, 48]. A van der Waals component
supplemented the covalent bonding in the AI-REBO potential. These long-range interac-
tions permitted the accurate modeling of inter-layer forces of graphene, which was critical
towards understanding delamination and failure of the membranes. For both the graphene
and the substrate, an initial bond-length of 0.147 nm was selected for the hexagonal cova-
lent bonds. To support the graphene under sliding loads, the substrate was held perfectly
rigid and had an identical configuration to graphene to mitigate contributions to failure due
to graphene-substrate registry (i.e., the relative orientation of the substrate and membrane
lattices). Both the substrate rigidity and registry had minimal impact on abrasion in this
situation, simulations with semi-infinite atomistic substrates resulted in similar wear mech-
anisms reported in this work (Appendix Figures 5.3). Temperature of the system was held
at 300 K using a Berendsen feedback loop [49].
Note that the sign convention for friction in the following work is that friction is positive
in the negative x direction. This is so that a tip sliding in the positive x direction will
generally create an opposing friction that can be plotted as a positive value.
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Figure 2.2: Indenter force schematic. The atoms in the graphene film were subject to a
repulsive (i.e., plowing) force from the indenter when ri < R (Eq. 2.1) , while the substrate
atoms experienced no repulsive force from the indenter.
The asperity was a perfectly smooth sphere that applied a repulsive force on any atom
within its radius, and no force on the substrate nor any atom outside of its radius (Fig. 2.2).
The force by which the spherical indenter acted on an atom within its radius is given by:
Fi = −K(ri −R)2 (2.1)
where ri is the distance to the center of the sphere to atom i, and R is the radius of the
spherical indenter. The direction of the force exerted on atom i, Fi, is normal to the surface
of the sphere, and the indenter stiffness constant, K, has units of force per distance squared.
The indenter applied a repulsive force to the atoms according to Eq. 2.1 in a manner that, if
the stiffness constant K was sufficiently high enough, would emulate a perfectly rigid body.
However, to keep the simulation from becoming overly stiff, the value of K was set to 300
keV/nm3 where the indenter was not perfectly rigid, thereby permitting some compliance.
This allowed the indenter to push on the atoms without causing instabilities in the simulation.
Wear cannot be quantified in continual volume of material removed for a lamellar config-
uration of atomically-thin layers (such as graphene) per se. Instead, the primary parameter
that was studied for analyzing graphene wear was the number of bonds that have been
broken over time, which was estimated based on atomic coordination number (the number
of nearest neighbors for a given atom within the limits of the sp2 covalent bond length of
carbon, in this case approximated as 0.17 nm). This parameter was found to be a valuable
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metric for determining graphene layer failure, and can be considered a reasonable metric for
wear in atomically-thin layers. In addition, the lateral and normal forces experienced by the
asperity during indentation and sliding were also observed.
2.1.1 Effect of adhesive strength on normal loading and abrasive
wear
To address the questions regarding the fundamental failure criteria of a layer of graphene,
a graphene monolayer adhered to a substrate was probed with a spherical nanoasperity by
indentation and sliding under varying graphene-substrate adhesive strengths. It has already
been experimentally observed that substrate adhesion impacts friction due to a puckering
effect [12], which occurs when a layer bunches on the leading edge of the sliding surface,
causing increased frictional forces as well as an increased probability of mechanical failure.
To simulate adherence of the graphene to the substrate, a soft 9/6 Lennard-Jones [50] energy
potential was defined between atoms in the graphene film, and atoms in the substrate:
Eij = [2(σ/rij)
9 − 3(σ/rij)6] (2.2)
where  is the Lennard-Jones strength parameter and has units of energy, σ is the equi-
librium constant and has units of distance and r is the overall distance between a given
substrate atom, i, and a given graphene atom, j, within a cutoff distance of 0.5 nm. The
overall strength of the adhesion was altered by assigning  values of 0.3 eV, 0.27 eV, 0.24 eV,
0.21 eV, 0.18 eV, 0.15 eV, 0.075 eV and 0.0375 eV during different simulations, while the
parameter σ was held constant at 0.2 nm (see Fig. 2.3). This range of potential strengths
was selected to encompass graphene-substrate van der Waals forces for various substrates
determined by ab initio calculations in previous work [51].
An 8 nm by 19 nm graphene membrane and matching substrate was simulated for the 2
nm diameter indenter tip. Periodic boundary conditions were set for the x and y boundaries
of the membrane while the z boundary was left free (i.e., the boundary expanded infinitely
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Figure 2.3: Varying substrate-graphene Lennard-Jones (Eq. 2.2) potentials. For clarity only
 values of 0.3 eV, 0.15 eV, 0.075 eV and 0.0375 eV are represented.
to incorporate all atoms if ever an atom was displaced beyond the boundary). Simulations
indicated that the x and y dimensions of the graphene were sufficiently large to simulate a
semi-infinite boundary since the stress was localized and not impacted by the boundaries
(Fig.2.4).
Over the course of 0.125 ps the system was equilibrated to 300 K with a time step size
of 0.25 fs. The subsequent indentation and scratching occurred at a time step size of 0.5 fs.
The nanoasperity was indented into the graphene film by a total of 0.42 nm and then moved
laterally at a constant velocity of 0.8 m/s to a distance of 8 nm while maintaining the same
displacement into the film. Initial membrane failure occurred at an average of 560 nN for
all cases, but the low  case required the asperity to indent farther to reach the failure limit
of the graphene monolayer (Fig. 2.5). The increased tolerance to indentation for the low 
case was due to the softer repulsive component of the substrate, which permitted the atoms
more freedom of motion before encountering a high reaction force from the substrate.
The number of bonds broken is estimated by aggregating the coordination number (num-
ber of nearest neighbors) for the entire system. The coordination number is the total number
of neighbors within a cut-off distance, in this case set as 0.20 nm as an approximation for up-
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Figure 2.4: Von Mises strain energy for a graphene monolayer during indentation and sliding.
The stress was concentrated under the indenter, and the dimensions were sufficiently large
to prevent any impact due to boundaries.
Figure 2.5: Indenter normal load vs. indentation depth, plotted until critical load
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Figure 2.6: Estimated number of bonds broken per sliding distance, with the slope of the lines
indicating the wear, or failure, rate of the film. Linear fits give slope values of 11.2 bonds/nm
for 0.3 eV, 8.2 bonds/nm for 0.15 eV, 8.3 bonds/nm for 0.075 eV, and 8.1 bonds/nm for
0.0375 eV.
per limit length of an sp2 covalent bond. Once bonds are broken (carbon atoms move outside
of this cutoff distance), there is still the possibility that they eventually drift back within the
cutoff distance, causing the estimated number of broken bonds to decrease slightly. When
the atoms drift back within this cutoff, they do not necessarily reform bonds, so temporary
decreases in number of bonds broken should not be considered self-healing of the graphene,
but rather an artifact of the bond counting technique.
There was a linear correlation between the number of bonds broken and the sliding dis-
tance of the 2 nm diameter asperity (see Fig. 2.6). Tearing in the membrane was continuous,
and not abrupt, and continued at a constant rate, which was quantifiable by the slope of
the linear curve fits. The slope values were 11.2, 8.3, 8.2 and 8.1 bonds/nm for the  =
0.3, 0.15, 0.075 and 0.0375 eV cases, respectively. Figure 2.6 depicts the number of bonds
broken during sliding, but because the number of bonds broken after the indentation varies,
the y-intercept of the graph (or the initial number of bonds broken before sliding, due to the
indentation) also varies.
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It should be reiterated that there were no attractive forces between the indenter and
any atom, only repulsive forces existed. The absence of indenter-film adhesion permitted the
investigation of frictional forces only due to the tearing or delamination of the film. Divorcing
the adhesive forces from wear forces was advantageous for quantitatively assessing the relative
contribution to friction of both and illustrating how wear and friction interplay at the nano
scale. In this sense, the lateral force experienced by the indenter should principally be the
force required to tear the graphene (Fig. 2.7). When the bond break rate was compared
to the average shear stress on the indenter during sliding for the various substrate adhesion
strengths (depicted in Fig. 2.8), it was clear that there was a correlation between the two,
confirming that the average shear experienced by the repulsive indenter tip was chiefly a
result of irreversible deformation of the graphene film. Figure 2.8 plots the wear rate and
the shear experienced by the tip as a function of adhesion strength. As adhesion increases,
the wear rate and shear experienced by the indenter also increased. In order to calculate
shear, τavg, the contact area, Acontact, was estimated by examining the original indentation
contact area (assuming that the monolayer did not deflect significantly due to the presence
of the rigid substrate), which was given by the area of the 2nm diameter spherical indenter
projected onto the monolayer. When the sphere was positioned at the standard indentation
depth of 0.4nm into the monolayer, it projected a circle of a = 0.8nm in radius, corresponding
to
Ainitial = pia
2 = 2.0nm2 (2.3)
This initial contact area contains an average of 45 atoms. During sliding, the number of







Where Ncontact and Ninitial = 45atoms are the number of atoms within the projected tip
area at the current timestep, and the initial timestep, respectively. The average shear was
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Figure 2.7: Indenter lateral force for the  = 0.3 eV case






Substrate-film adhesion was found to dramatically impact the tearing configuration of
monolayer graphene. Higher adhesion ( = 0.3 eV) caused stress to build locally in the
monolayer around the indenter during sliding, causing a wide wear-scar to be created (Fig.
2.9a), as evidenced by the 36% larger value of number of bonds broken per sliding distance
(Fig. 2.10). Conversely, lower adhesion ( = 0.0375 eV) permitted the spreading of stress
during sliding since there was compliance between the monolayer and substrate, causing
only a narrow line to tear (Fig. 2.9b). In the lower adhesion case, the monolayer tore very
narrowly, leaving flaps of graphene intact behind the indenter. These flaps collapsed once
the indenter slid past and covered a substantially larger area of the substrate than the torn
graphene in the high adhesion case.
A parametric study was performed to examine the role of adhesive strength on non-tearing
friction due to the puckering effect [12, 13, 14] in a graphene monolayer for sliding the 2 nm
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Figure 2.8: The number of bonds broken per sliding distance based on linear fit and the
average lateral shear (error bars indicate ± one standard deviation).
Figure 2.9: Wear scar for 2 nm diameter asperity over monolayer graphene on substrate with
(A)  = 0.3 eV and (B)  = 0.0375 eV.
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diameter repulsive asperity. The tip was indented to a depth of 0.18 nm (which corresponds
to a normal load of 357 nN for the 0.3 eV case), and was slid under the same velocity as the
previous study (0.8 m/s), for the substrate-membrane van der Waals potential strengths of
 = 0.3, 0.15, 0.075 and 0.0375 eV. The frictional forces in all cases were negligible. The
puckering effect was likely exacerbated by adhesion between the tip and membrane, which
was not present in these simulations. Although the puckering effect was absent from these
simulations, it was expected to occur in the presence of a larger tip with high adhesion, or
in the presence of contamination which can cause capillary forces, as observed by previous
work [12, 13, 14].
2.1.2 Effect of sliding velocity on abrasive wear
A parametric study of indenter sliding velocity was performed to study its impact on abrasive
wear (Fig.2.10). At lower sliding velocities (V 0.8 – 6.4 m/s), the primary wear mechanism
was the local pulling of the membrane flaps off of the substrate, as evidenced by the persis-
tence of these flaps after the indenter damaged the membrane during sliding (see Appendix
figure 5.4, only a narrow band of bonds were broken along the wear path, the rest of the
damage occurred by pulling the graphene layers off the substrate locally in the form of flaps).
At a critical sliding velocity of about V 6˜.4 m/s, the number of broken bonds increased dra-
matically, due to increased damage of the flaps (as evidenced by shorter flaps and wider
wear scars). Finally, there was a point of diminishing returns, as seen in Appendix figure
5.5, where the tip tore the adjacent atoms away faster than they could convey the force to
the secondary and tertiary layers of atoms, and there was a corresponding drop-off in wear.
In this last phase, the shear still increased due to the energy expended breaking bonds and
removing atoms from the substrate, although it too reached a point of diminishing returns.
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Figure 2.10: Wear rate and shear as a function of velocity,  = 0.15 eV.
2.1.3 Abrasive wear of graphene in comparison to diamond-like-
carbon
Now that the behavior of a monolayer of graphene under sliding has been examined, its
performance as a solid lubricant can be directly assessed. In order to explore graphene’s
potential as a protective coating, multiple layers were probed to capitalize on the low inter-
layer bonding from which graphite derives its esteem as a solid lubricant. Tri-layer graphene
was thus modeled because such a thickness allowed the graphene film to be benchmarked
with tests on a corresponding diamond-like-carbon (DLC) coating. DLC was selected as
a benchmark because of its wide-scale use as a protective coating across many applications
(including MEMS and hard-disks), and also because as a carbon system, DLC can be modeled
atomistically (Fig. 2.11) with the same well-established AI-REBO potential as graphene.
Both the DLC and graphene films were adhered to a perfectly rigid hexagonal lattice of
atoms with bond spacing of 0.141 nm using the same 9/6 Lennard-Jones potential outlined
in Eq. 2.2 with an  value of 0.3 eV. The 2 nm diameter repulsive tip had a stiffness value,
K, of 300 keV/nm3 and moves at a lateral velocity of 0.8 m/s.
A 1.0 nm thick coating of tetrahedral amorphous carbon (ta-C) DLC of high sp3 bond
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Figure 2.11: (A) Tri-layer graphene and (B) 86% sp3 content DLC wear scars after 0.47 nm
depth scratch. The 2nm diameter indenter (depicted by white dashed line) moves from left
to right.
fraction (86%) was prepared in simulation space by a melt-quench method using the second
generation REBO potential. The DLC has dimensions 8 nm x 19 nm x 1 nm a density
comparable to that of ta-C [52]. The quench-melt method was used in order to generate a
sufficiently-high sp3 bond content [53].
The DLC has dimensions 8 nm x 19 nm x 1 nm and its volume was initially populated
with 24,500 atoms carbon atoms in a diamond lattice to achieve a density of about 3.25
g/cm3, which is the maximum experimentally-determined density of ta-C [52]. After being
equilibrated at 300 K in a Berendsen thermostat, the carbon atoms were heated beyond the
melting point of diamond to 9000 K. The atoms were then equilibrated for 20 ps in this liquid
form and later quenched to 300 K. Marks et al. have determined that final sp configuration
is dependent on the quenching time [53]. Instantaneous cooling results in high sp3 content
while slow cooling results in lower sp3 fraction. To achieve high sp3 content, carbon atoms
were quenched at a rate of about 1016 K/s for 0.1 ps.
The resulting DLC film was extensively held at 300 K for 50 ps under Nose-Hoover ther-
mostat to confirm stable thermodynamics. During this stability validation, each atom was
also examined for a coordination number at various bond distances in order to character-
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Figure 2.12: Normal load vs. time-of-test for 1nm thick graphene and DLC. From 0 ps to
2.4 ps (dashed line) the indenter penetrates to a depth of 0.47 nm under normal loading.
From 2.4 ps and onward the indenter is held at 0.47 nm and slid at a constant velocity.
ize the sp, sp2, and sp3 hybridization. The resulting DLC was comprised of 2%, 12%, and
86% sp, sp2, and sp3 content respectively. This result was in agreement with experimental
findings of high sp3 content in high density DLC discussed by Robertson [52].
The asperity was indented to varying depths, and then slid laterally at a constant velocity
while maintaining indentation depth. During indentation and sliding, graphene was found
to support many times the normal load of DLC, indicating strong promise as a protective
coating. At its point of rupture of the first layer tri-layer graphene supported 774 nN to
DLC’s 91 nN, nearly an order of magnitude in difference (see Fig.2.11). With layers torn
during sliding in the 0.47 nm indentation depth case, tri-layer graphene continued to support
twice the load of the 86% sp3 DLC coating of the same thickness, with average normal loads
during sliding of 617 nN and 315 nN respectively. The same test was repeated at indentation
depths of 0.42 nm and 0.57 nm, demonstrating that the tri-layer graphene maintained a
normal load during sliding that was at least twice as large as the corresponding DLC film
(Fig. 2.13).
The normal load supported by the graphene dropped significantly between indentation
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Figure 2.13: Comparison of the normal load during (A) static indentation and (B) sliding
for tri-layer graphene and DLC
and sliding (Fig. 2.12) due to the removal of the portion of the membrane that was ruptured
during indentation. Since the portion of the membrane that was removed was load-bearing,
the normal load decreases when the indenter enters motion, while the DLC did not have a
precipitous drop in load-bearing capability because it did not have discrete layers that can be
removed. The mechanism by which the graphene supported higher loads than DLC can be
surmised to be the strong inter-layer van der Waals repulsion, which distributed the stress
over long distances between the layers when under compression. Unlike graphene layers,
DLC’s bond configuration causes stress to be localized, triggering an immediate permanent
deformation.
2.1.4 Conclusion of graphene abrasive modeling
With the ever-expanding fields of MEMS, hard-disk storage, and nanotechnology, corre-
sponding development must be realized in the field of nanotribology, both for fundamen-
tal understanding and engineering applications involving solid lubricants. This work has
demonstrated graphene’s potential as a solid lubricant, and also illuminated failure criteria,
modes and mechanisms of graphene as an atomically-thin, substrate-supported membrane
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under nanoscale sliding conditions. The sliding wear and failure characteristics of monolayer
graphene have been examined from a fundamental standpoint, with special focus on the
impact of substrate-membrane adhesion forces. Several important new observations were
thus made for the case of a repulsive, hemispherical nanoasperity sliding over a graphene
monolayer:
• The monolayer failed by local tearing rather than delamination (Fig. 2.9) for the
adhesion ranges tested in the case of a 2 nm diameter asperity. Under these conditions,
when a graphene membrane failed it only lost its protective ability locally, rather than
via catastrophic failure.
• More bonds were broken (meaning more damage occurred to the monolayer) during
sliding for the high adhesion case ( = 0.3 eV) than the lower adhesion cases (Fig. 2.8)
for a purely repulsive nanoasperity.
• Abrasive wear in graphene monolayers was velocity-dependent. In low velocity cases
(0.8-6 m/s) most of the frictional force was expended locally pulling flaps of graphene
from the substrate. In high-velocity cases (¿ 6 m/s) more damage was done to the
flaps and the wear rate increased (Fig.2.10).
• More of the substrate was left covered by the membrane after sliding for the weakly-
adhered case ( = 0.0375 eV) than the high adhesion case (Fig. 2.9). A graphene
monolayer could potentially recover some of its protective capabilities post-failure when
implemented with substrates with which it has weak adhesion.
• There was no appreciable contribution to friction from any puckering effect of the
graphene monolayers for a purely repulsive tip with a diameter of 2 nm. The puckering
effect may play more of a role in cases where there is tip-membrane adhesion and/or
larger tip radii.
Furthermore, tri-layer tribological tests with graphene has shown it to compare favorably
when benchmarked with 86% sp3 content DLC of the same film thickness (1.0 nm). It
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withstood as much as 8.5 times the normal load of the latter during indentation and as
much as twice the normal load during sliding and tearing. The high load carrying capacity
and lamellar configuration of graphene (which permits atomically-thin layers) coupled with
its innate chemical inertness and thermal stability indicates that it can be an important
material for nanoscale lubrication in current and future applications.
2.2 The impacts of contact adhesion on friction and
wear of graphene under sliding conditions
To investigate the impacts of adhesion and substrate deflection on the failure of graphene
sheets, a molecular dynamics algorithm [54] was used to simulate a 6nm diameter, single-
crystal diamond hemisphere sliding over a graphene monolayer that was adhered to a 10nm
x 5nm x 25nm silicon substrate (Fig. 2.14). The adaptive intermolecular reactive empirical
bond order (AIREBO, [46, 45]) potential was used for carbon-carbon and hydrogen-carbon
interactions. Recently, Pastewka et al. have shown that the REBO potential over-estimates
critical loads and shear in fracture mechanics of carbon systems because of the inadequacy of
a distance-dependent reaction-range criteria [55, 56, 57]. However, the Sinnot group (who
also collaborated in the creation of the AIREBO potential20) recently clarified [58] that
the AIREBO potential has addressed [59] the interaction issues that the REBO potential
has, as described by Pastewka. A standard Tersoff [60] potential was used for the silicon-
silicon and silicon-carbon interactions as outlined by the reference. Finally, hydrogen-silicon
interactions were modeled using a Lennard-Jones potential of the form:
Eij = 4[(rij/σ)
12 − (rij/σ)6] (2.6)
where Eij is the potential energy between silicon atom i and hydrogen atom j, rij is the
distance between said atoms,  is the strength of the potential (selected to have a value of
0.1eV) and σ is the equilibrium point (selected to be 0.1nm).
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Figure 2.14: Atomistic simulation of a 6nm diameter hydrogen (blue)-passivated diamond
tip (orange) sliding over a graphene monolayer (orange) that is adhered to a 10nm x 5nm x
25nm silicon substrate (green).
The graphene monolayer was adhered to the silicon substrate on the (001) plane, and the
hemisphere was slid at constant velocity and normal load (applied to the base of the tip in the
–z direction) under two separate conditions. In the first set of runs, the diamond hemisphere
was hydrogen-passivated, where the dangling carbon bonds were terminated with hydrogen
atoms (using the technique described in the supplemental section of [35]) before the tip was
slid over the graphene. In the second set of simulations, the bare, un-passivated diamond
hemisphere was slid over the graphene monolayer in the absence of hydrogen, leaving dangling
carbon bonds from the diamond to chemically bond to the graphene monolayer. The two
sets of simulations contrasted the wear mechanisms between scenarios where there is strong
chemical adhesion (the un-passivated tip) and weaker, long-distance Van der Waals forces
(the hydrogen-passivated tip). The bottom of the substrate was held fixed, while the x and
y bounds of the substrate were modeled as periodic boundaries. The entire system was
brought to an initial temperature of 300K, and then weakly coupled to a thermal bath of
the same temperature using a Berendsen algorithm [49]. The time-step throughout the
simulation was 0.5 fs. The base of the hemisphere was held rigid and a normal load was
applied and held constant throughout sliding, similar to an atomic force microscope (AFM)
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tip in contact-mode. Normal loads of 1, 2, 5, and 50nN were applied to the tip, and given
the configuration of the system did not significantly strain the silicon substrate, providing a
reasonable approximation of a semi-infinite substrate. The indenter was first put into contact
with the substrate, and then accelerated to a velocity of 0.2nm/ps at a rate of 0.5nm/ps2
from rest. Once the velocity reached the prescribed value it was held constant and the
indenter slid for a total 8nm. Wear of the graphene was calculated by estimating overall
coverage of the silicon substrate by the graphene monolayer (measured in area with units
of nm2). In post-processing, a grid was superimposed over the graphene that counted when
the carbon atoms that composed the graphene membrane were removed, with the exposed
area of silicon was counted as the worn area.
Note that the sign convention for friction in the following work is that friction is positive
in the negative x direction. This is so that a tip sliding in the positive x direction will
generally create an opposing friction that can be plotted as a positive value.
2.2.1 Impact of adhesion and normal load on graphene wear
Wear in the graphene membrane was non-existent at normal loads of 1, 2 and 5nN for the
passivated tip, with minimal wear occurring (0.12 nm2 worn/nm sliding) at a normal load
of 50nN. Conversely, the unpassivated tip experienced wear under all loads, with wear rates
over an order of magnitude larger than passivated (Fig.2.15, rates of 1.87, 1.60, 2.96 and
4.16 nm2 worn/nm sliding for the 1, 2, 5 and 50nN unpassivated loads respectively) . It is
clear that the hydrogen passivation prevented bonding between the tip and substrate, and
that the chemical reactions that were prevalent on the unpassivated tip were what destroyed
the integrity of the graphene monolayer. In this sense, chemical adhesion is the primary
instigator of nanoscale wear for a graphene membrane.
In all cases, once failure initiates the wear continues near-linearly with sliding distance,
indicating that the main failure mechanism for the graphene membrane is local tearing and
not wholesale delamination in the case of pristine graphene on flat silicon. As the tip moves,
the graphene is torn just ahead of it throughout sliding, thereby leaving a long and narrow
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Figure 2.15: Unpassivated tip sliding wear of the graphene membrane at various normal
loads. Linear fits were applied to find wear-rates of 1.87, 1.60, 2.96 and 4.16 nm2 worn/nm
sliding for the 1, 2, 5 and 50nN normal loads respectively.
wear scar behind the tip. There is no discernible trend with wear rate and normal load,
since the 2nN scenario has a significantly higher wear rate than either the 1nN or 5nN
case. Examination of the wear scars revealed greater puckering build-up effect in the 2nN
unpassivated case which exacerbated the wear, suggesting that there may be a threshold
normal force close to 5nN which diminishes the puckering effect by cutting through the
graphene and pushing it to either side of the tip, rather than allowing it to build up in front
and cause more damage to the membrane, although further study is necessary.
For the unpassivated tip, the lateral (frictional) forces experienced (Fig. 2.16a) do not
change significantly between 1, 2 and 5nN loads, thus it can be inferred that the frictional
forces are largely adhesive, with abrasive friction and continuum friction (such as friction
caused by the puckering effect) contributing minimally despite having an impact on the
graphene wear. If abrasive/continuum forces were more prevalent, there would be greater
discrepancy in sliding lateral force between the normal load conditions, but there is not a
significant change in lateral force until the normal load is increased by an order of magnitude
(the 50nN case). Similarly, despite changes in wear-rate, the lateral forces remain similar
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Figure 2.16: Moving average plots (80 samples, standard deviation error bars) lateral (fric-
tion) force per sliding distance experienced by the (a) unpassivated tip and (b) passivated
tip at varying normal loads.
in the 1, 2 and 5nN cases, which supports the inference that frictional forces are dominated
by adhesion and not abrasion. Finally, the passivated tip, which is minimally adhesive,
displayed far lower steady state friction (average 15nN lateral force for passivated tip at 1,
2 and 5nN normal loads, Fig.2.16b) than the unpassivated tip (over 200nN lateral force for
1, 2 and 5nN normal loads, Fig.2.16a), especially at the lower loads.
The puckering effect is prominent for the unpassivated tip sliding case, as evidenced by
the ridge (or lip) preceding the tip during sliding (seen in Fig. 2.17b, immediately to the
lower right of the dashed yellow line indicating tip position). Conversely, the passivated tip
does not cause the puckering effect to occur, even in the 50nN case (Fig. 5). It is evident
that the puckering effect is caused by adhesion, and that the hydrogen-passivation all but
eliminates it from sliding and wear at this scale. Strong adhesion for the unpassivated tip also
caused material build-up underneath the tip and on the leading edge, which also increased
the effective contact area of the tip and caused more widespread damage to the graphene
membrane.
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Figure 2.17: (a) Isometric view of the wear scar of the unpassivated tip at 8nm sliding
distance and 2nN load and (b) corresponding cross-sectional view showing puckering effect
and build up of worn graphene. The tip and the silicon substrate have been hidden for ease
of view, and the yellow dashed line marks the location of the tip. The orientation of sliding
is in the positive x direction.
Figure 2.18: Cross-sectional view of the graphene membrane for the passivated tip at 50nN
normal load. The tip and silicon substrate have been hidden for ease of view. Despite high
load, and some wear, the puckering effect is not visible.
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Figure 2.19: Top-down view of the tip (orange) and the graphene monolayer (grey) with a
bubble of hydrogen in between the graphene and silicon substrate beneath, centered in the
middle of the figure. The yellow arrow indicates the positive x direction while the blue arrow
indicates the positive friction direction.
2.3 Simulating a tip sliding over a bubble
In later sections it is shown that bubbles of gas trapped between graphene layers and the
surface are caused by transfer. These bubbles can have a significant impact on frictional be-
havior across many length scales. To further probe the behavior of these bubbles, simulations
were performed wherein an atomistic tip slid over graphene having a bubble of hydrogen gas
trapped between it and the substrate.
The hydrogen gas was made by heating 200 hydrogen atoms to 800 Celsius and cooling
them, creating H2 gas. This gas was then placed between a 15nm x 8 nm x 5 nm silicon
substrate and a graphene membrane, while the graphene was lowered over the gas and
substrate to create the bubble. The bubble was about one or two nanometers in length, and
about 0.5nm high (Fig.2.19).
An atomistic tip, 2nm in radius, was then hydrogen passivated and slid across the mem-
brane at 4m/s. The system was held to 300 K with a timestep of 0.5fs. Normal loads of 2,
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10, 20 and 30nN were and held during sliding (Fig.2.20).
At low loads (2nN), the frictional response is similar to that of flat graphene, and remains
constant with sliding distance despite a topographical change. As the load increases, there
is a significant change in frictional response. With a normal load of 10nN there is a slight
increase in friction with sliding distance over the bubble.
The friction response compared to the topographical response for the 20nN case can be
seen in Fig.2.21.The friction increased linearly with sliding distance once the edge of the
bubble was reached. At the same peak frictional loads (friction 70nN), there was a release
of friction buildup, and the tip jumped in height, indicating that the bubble relaxed by
displacing itself underneath the tip.
The graphene adheres to the tip as it slides over the bubble. While the tip slides, the
graphene stretches like a spring, thus the friction experienced by the tip increases with sliding
distance. At intermediate loads (20nN), the graphene that is adhered to the tip can undergo
slip events and relieve tension, which can be seen by the abrupt drops in friction and increase
in tip height caused by the graphene bubble re-arranging beneath the tip during the slip.
When the tip is loaded to 30nN, there is a clear linear increase in friction with sliding
distance until the peak of the bubble is cleared by the tip. To test the response during
reciprocation, a new simulation was performed wherein the tip was slid forward 2nm and
then returned to the initial position. The normal load was held at 30nN.
These results are very similar to the frictional responses experimentally measured at the
nano and micro scales in Chapter 3 and serve as a modeling confirmation for a new frictional
mechanism known as the long-distance puckering effect described later.
2.3.1 Limitations of atomistic simulations
Molecular dynamics are a useful tool in discovering the emergent behavior of atomic ensebles.
At the atomic scale, direct observation of an ensemble is not feasible, which makes atomistic
simulations useful for dissecting certain behavior.
However, there are several limitations. Foremost is that the timestep for simulations
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Figure 2.20: Frictional response of a tip with varying normal loads: (A) 2nN, (B) 10nN, (C)
20nN and (D) 30nN.
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Figure 2.21: Frictional prediction of a passivated diamond tip sliding over a graphene bubble
at a normal load of 20nN, with topographical information.
Figure 2.22: Frictional prediction of a passivated diamond tip sliding over a graphene bubble
at a normal load of 30nN, in the forward and reverse directions.
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must be very, very small (at least an order of magnitude smaller than the natural frequency
of a thermally vibrating atom). As such, in order for simulations to maintain stability the
timesteps must be on the order of 0.5fs. This severely limits the velocity ranges that can
be reasonably simulated for sliding (the velocities are on the order of 0.1m/s or faster) for a
simulation to finish in reasonable time. Atomic force microscopes and nanoindenters, which
are typically controlled by piezoelectric stages, can only move at sliding velocities of about
0.1-100µm/s, making direct experimental comparison difficult.
Secondly, atomistic simulations can be an n2 problem, where n is the number of atoms
in the ensemble, and the number of calculations per timestep goes as the square. While
nearest neighbor lists have diminished the number of calculations per timestep, there is
still a vast limitation in the volume of atoms that can be simulated reasonably. Current
simulations cannot exceed tens of nanometers in linear dimension without creating a severe
computational burden. Much experimental work is over the length of micrometers, making
comparison with simulation difficult.
Finally, frictional effects in experimentation can be impacted by gasseous vapor, or con-
tamination. These effects are exceedingly difficult to account for in atomistic simulation,
although it is possible to control the effects of vapor or contamination in experimental envi-
ronments by running in a vacuum.
2.3.2 Conclusion of adhesive simulations
Given graphene’s emergence as a potential nanomaterial in MEMS, and its role as a pro-
tective coating in commercial electronics, understanding of its behavior in moving systems
is critical. In particular, elucidating graphene’s tribological characteristics are crucial to its
implementation as a protective coating, electrical contact, semiconductor, etc. since all of
those applications deal with inter-surface sliding, whether it be the result of a moving part or
thermal expansion. This study has revealed several fundamental facets regarding the wear of
graphene monolayers that are reciprocally useful in engineering implementation of graphene
in systems where sliding is expected.
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• Adhesion was the largest contributor to wear of a graphene monolayer. Specifically,
chemical bonding between the sliding surface and the graphene destroyed the integrity
of the monolayer, which wears away quickly.
• The puckering effect was also caused largely by adhesion, as it was not present in the
passivated tip case at high load (Fig.5, 50nN), but was present in the unpassivated tip
at low loads (Fig.2.17, 2nN).
• Material build-up at the leading edge of the sliding surface exacerbated wear by in-
creasing effective contact area.
• Minimizing adhesion through hydrogen-passivation or other molecular lubrication can
vastly diminish friction and wear of graphene layers.
• Even with adhesion, graphene did not tend to delaminate, and generally failed at the
point of contact with the sliding surface.
• When an adhesive tip traverses a bubble of gas trapped between the graphene and the
substrate, friction will increase linearly with sliding distance across the bubble. This
is in agreement with experimental work in the subsequent chapter.
At the nanoscale, abrasive wear seems favorable and will be dominant in cases where
there is passivation and/or molecular lubrication. Moving forward in the implementation of
graphene in moving systems, managing adhesion will be of the utmost importance.
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Chapter 3
Friction, wear, and failure of
monolayer graphene at the nano scale
Graphene is the strongest material measured and also has been shown to be gas-impermeable
and chemically and thermally stable, making it an excellent candidate as a nanoscale tribolog-
ical coating for nano- and micro-electromechanical systems (N/MEMS), electrical contacts,
and data storage. However, the wear and failure mechanisms of graphene under sliding load
are not fully understood.
This chapter examines the velocity-dependent friction and wear behavior of monolayer
graphene grown by chemical vapor deposition (CVD) that has been transferred to a sili-
con dioxide (SiO2) substrate. It was found that friction and wear of monolayer graphene
increased dramatically as the sliding velocity of a 1.2µm radius diamond tip decreased. Fric-
tion increased at lower speeds and the graphene was catastrophically damaged. Frictional
contribution by the bunching of graphene on the leading edge of the sliding tip, known as
the “puckering effect,” was present at high speeds and over sliding distances two orders of
magnitude larger than the tip radius, farther than previously reported. The presence of the
long-distance puckering effect was observed at the micron length scales with nanoindenter
sliding tests and at the nano scale with AFM friction force tests. AFM scans revealed the
presence of bubbles in the graphene monolayer and indicated that they may be the cause
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of the long-distance puckering effect. Interestingly, the puckering effect in graphene caused
higher friction at faster velocities than bare SiO2. This indicates that the tribological ben-
efits of graphene will have to be exploited with good membrane-substrate adhesion, slower
sliding speeds, or a higher number of graphene layers to reduce the friction contribution of
the puckering effect.
3.1 Background
Lamellar atomically-thin sheets such as graphene (and its bulk equivalent graphite) and
molybdenum disulfide (MoS2) have emerged as excellent solid lubricants at the macro scale
and show great promise as protective coatings for nanoscopic applications. In particular,
graphene’s high intrinsic strength and thermal stability offer great advantages as a protec-
tive coating. To exploit graphene’s atomically-thin configuration for ultra-thin coatings and
understand its fundamental behavior, several research groups have devoted attention to char-
acterizing graphene’s nanotribological performance. Of particular interest is the puckering
effect, mentioned several times before. One important result, that will be cited in later sec-
tions, is that the puckering effect has a unique impact on friction. Specifically, the puckering
effect causes an unusual tilted friction loop [12] seen in Fig.3.1.
Graphene has been found to lower friction when compared to bare substrates. This
general result was found in cases where graphene was exfoliated, epitaxially-grown, or CVD-
grown, whether the substrate supporting the graphene was copper, nickel, silicon carbide,
silicon, silicon dioxide, or mica, and regardless of the number of layers. The previous works,
however, never examined the effects of sliding velocity, or number of sliding cycles on tribo-
logical performance. Furthermore, wear has received much less attention and techniques for
the quantification of wear in graphene remain undeveloped. Atomistic simulations of abra-
sive tribological performance of graphene monolayers and trilayers show a strong velocity
dependence of friction and wear [35]. It has been shown experimentally that the friction
contribution of self-assembled monolayers has a strong dependence on sliding velocity [34],
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Figure 3.1: Tilted friction caused by the puckering effect in graphene. The AFM tip is about
5nm in radius, so the length over which the friction increases linearly with sliding distance
is of the same order as the tip radius.
a fact which has also been analytically demonstrated [1]. A theoretical study on the slid-
ing behavior of wrinkles in thin sheets of varying thickness also demonstrated a significant
increase in friction with increasing sliding velocity [61]. Since graphene applications can
include high relative speeds with enormous aspect ratios (such as hard disk storage [3] or
flexible electronics [5]) or relatively lower speeds and small aspect ratios (such as MEMS
[6]), it is imperative that graphene’s tribological behavior under different sliding velocity
regimes be understood.
To address the questions regarding velocity-dependent behavior, accumulated damage,
quantification of wear, and the puckering effect, a parametric study of varying sliding regimes
was performed on graphene. Additionally, it was demonstrated that Raman spectroscopy
can be used as a quantifiable wear metric for graphene monolayers, since it can report
defect density and regions where graphene has been catastrophically worn away. Using
Raman spectroscopy as a wear-quantification method is non-obtrusive and non-destructive,
in addition to being a direct measurement of wear and defect generation. In this work a
1.2 µm radius diamond tip traversed at a constant 10µN normal load over a CVD-grown
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graphene monolayer at velocities ranging from 0.01-20µm/s, for multiple sliding cycles and
sliding distances. It was demonstrated that the puckering effect is present at sliding distances
up to 100µm and that it can cause friction over a graphene monolayer to be larger than that
of bare, exposed SiO2 substrate at higher sliding velocities.
3.2 Graphene monolayer preparation by chemical va-
por deposition
Predominantly monolayer graphene was grown on copper foil by chemical vapor deposition
(CVD) following procedures previously reported in literature. [62] For this work 25-µm thick,
high purity (greater than 99.999% elemental composition, oxygen-free, high conductivity)
copper foil with a surface roughness of approximate 260 nm r.m.s. was utilized as the growth
substrate. After growth, the copper growth substrate was removed by chemical etching in
FeCl3 solution and subsequently transferred onto silicon substrates with a 285 nm thermally
grown oxide using procedures previously reported [63] for tribological measurements.
An alphanumerically labeled alignment grid was defined by electron beam lithography
followed by the evaporation of 40 nm of gold and lift-off in acetone. The samples were
annealed in forming gas for 4.5 hours at 360◦C to remove any residual PMMA residue prior
to measurement.
The scratch experiments were performed with a nanoindenter (Agilent G200). This
required the precise determination of start positions for the tests, thus to prepare the mono-
layer graphene additional e-beam lithography was performed to create the alphanumerically
labeled grid in Fig. 3.2. First, PMMA (495K MW) was spin coated on to the graphene
and baked at 180◦C for two minutes and cooled to ambient temperature. The resist was
then exposed to the target array pattern using a nanometer pattern generator system (FEI
Sirion SEM E-Beam writer). The PMMA was next developed in 1:3 solution of methy-
isobutyl-ketone (MIBK) and isopropanol (IPA) for 30 seconds at 21◦C and rinsed in IPA for
30 seconds to stop development. A 40nm layer of gold was deposited onto the developed
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Figure 3.2: Graphene monolayer on SiO2 substrate with gold target array
surface via e-beam evaporation with an Angstrom EvoVac Deposition System. The resulting
patterned in Fig. 3.2 was achieved by subsequent liftoff of the PMMA and gold in acetone.
Scratch experiments with friction measurements were conducted within the gold targets
with a diamond Berkovich tip of radius 1.2µm, which was measured with scanning electron
microscopy. In the first series of tests, a 10 µN load was applied and the unidirectional scratch
was performed for a maximum sliding distance, d, of 20µm with parametrically varied sliding
velocity, v, for ten cycles. These tests were repeated (albeit outside of the gold targets) for
sliding distances of 100µm. Next, a high-speed (v = 5µm/s) scratch test was repeated for
50 cycles to determine the impact of accumulated damage. Finally, a reciprocating sliding
test (i.e., the tip slides forward, and then backward for one complete cycle) was performed
with a 10 µN load at varying sliding velocities and distances to test for the puckering effect,
since it was reported that a tilted (or “strengthened”) friction loop is observable in graphene
monolayers and is indicative of the puckering effect [12].
3.3 Raman spectroscopy for characterizing wear
After the initial fabrication of each sample, the number of graphene layers was confirmed by
Raman mapping with a 532nm, 1µm2- spot-size laser. The number of graphene layers was
determined by examination of the full width at half maximum (FWHM) of the 2D peak,
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located at approximately 2700 cm−1. The 2D peak had a measured FWHM of 30cm−1,
indicating a graphene monolayer [62].
After the completion of each scratch test, ex situ defect characterization was performed
via Raman spectroscopy. Raman mapping was performed at lateral intervals of 4µm and
continuous vertical scanning. The graphene was measured to be of good quality, with negli-
gible D-peak presence, meaning that any increase in D-peak post-sliding would be indicative
of damage and wear that occurred during sliding. Regions where graphene had been worn
away entirely were identified by the lack of a typical graphene spectra, whereas regions of
high damage were identified by comparing peak intensities of the D and G peaks, which
lie at approximately 1360 cm−1 and 1560 cm−1, respectively. The ratio of the D and G
peak intensities, represented by the parameter ID/IG, indicated the density of defects in the
graphene lattice, with a higher ratio indicating a higher number of defects present [63, 64].
3.4 Experimental results of the nano/micro tribologi-
cal behavior of graphene
3.4.1 Impact of sliding velocity on friction and wear
A parametric study of sliding velocity (10µN normal load, scratch distance parameter d =
20µm, ten cycles per sliding velocity, seen in Fig. 3.3) revealed a dramatic inverse relationship
between sliding speed and friction. At lower speeds (0.01µm/s) the frictional forces were two
orders of magnitude larger than the average friction forces at greater speeds (0.5µm/s and





Where N is the total number of sliding cycles and i represents a given sliding cycle.
Examination of Lf , (friction averaged over sliding distance), vs. the number of sliding cycles
for the two cases with greatest discrepancy revealed that there was a dramatic rise in Lf
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Figure 3.3: Average friction force as a function of sliding velocity at normal load of 10µN
for graphene. Each point represents the average friction over the course of sliding, for ten
cycles at each point.
over the first three sliding cycles at v = 0.01µm/s, indicating that catastrophic damage to
the graphene membrane had occurred (Fig. 3.4). For this case, the graphene is worn away
entirely, losing its lubricative ability. The average friction, Favg, plotted in Figure 3.4 is the





Raman spectroscopy mapping of the wear scars also revealed catastrophic damage occur-
ring at speeds lower than 0.1µ/s, indicating that there was a critical sliding velocity under
which harm is done to the graphene membrane (Fig.3.5). The result of higher damage at
lower speeds was congruous with the friction data, which showed higher friction at lower
speeds. The meshed, clear areas in the Raman maps are areas where the graphene had been
worn away entirely (no graphene detected), the red indicates a high damage (large amount
of defects indicated by relatively large ID/IG ratio), where the green and yellow indicate
little-to-no damage (low number of defects).
Sliding velocities greater than 0.2µm/s did not have any significant increase in defects
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Figure 3.4: Friction averaged over sliding distance (Lateral Force) over the course of ten
sliding cycles.
caused by damage due to sliding for the ten sliding cycle case (Fig.3.5 e+f are examples of
wear scars with no clear increase in defects). At lower speeds, the graphene was worn away,
exposing the bare SiO2 substrate. At the lowest speed graphene was catastrophically worn
away and the wear scar was as wide as 2µm, which is wider than the contact area of the
1.2µm radius tip. As the wear scar is wider than the tip contact area, it is surmised that
the tip partially delaminated the graphene near the sliding track and pulled it in such a way
that it caused tearing along the path of sliding.
One likely explanation for the increase in damage of the graphene at slower speeds is
an increase in adhesion with increased residence time. It has been observed that surfaces
with the potential of forming cross-linked structures that can form new hydrogen bonds
(such as those terminated with –OH, -COOH, and –NH2) exhibit a logarithmic decrease
in friction with increasing sliding velocity [34]. Theory and measurement show that this
is also the case for surfaces that have meniscus forces and/or stick-slip behavior [1]. Since
graphitic structures experience water adsorption and stick-slip, it is possible that an increase
in adhesive force between the tip and graphene membrane exacerbated the puckering effect,
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Figure 3.5: Interpolated Raman spectroscopy maps of wear scars after ten sliding cycles at
sliding speeds of (a) 0.01µm/s, (b) 0.05µm/s, (c) 0.1µm/s, (d) 0.5µm/s, (e) 1µm/s and (f)
5µm/s. Color schemes: Green/Yellow- little to no defects; Red- high number of defects;
White- graphene worn away entirely. Wear decreases as v increases
which in turn caused catastrophic damage to the monolayer. Friction force microscopy
has also shown that graphene can cause an increase in friction due to reversible partial
delamination when tip-membrane adhesion increases relative to exfoliation energy [21]. It
is likely that at lower speeds, greater adhesion was experienced between the graphene and
sliding tip, which caused the graphene to lift up and partially delaminate from the surface,
increasing friction and wear.
3.4.2 Prolonged cyclical wear
The impact of number of sliding cycles is significant since even a moderate amount of defect
generation, as depicted in the Raman maps (Fig.3.6), can lead to increased friction. From
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Figure 3.6: Interpolated Raman spectroscopy maps of wear scars after (a) 10 cycles (b) 50
cycles (c) 100 cycles at 5µm/s. Color schemes: Green/Yellow- little to no defects; Red- high
number of defects; White- graphene worn away entirely. Progressive wear is visible between
10, 50 and 100 cycles.
peak intensity ratios, the corresponding defect density for the region of sliding damage for
the 10, 50 and 100 cycle tests was found to have 7, 5 and 3nm average distance between
defects, respectively [63]. It is clear that sustained minor damage accumulated over many
cycles and eventually degraded the integrity of the monolayer. This also suggests that there
was damage occurring at a smaller scale than the Raman laser was able to detect, since after
ten cycles at sliding velocities of 5µm/s there was no discernible damage.
However, after 50 sliding cycles, lateral force increased significantly in a linear trend,
even at a high velocity value of 5µm/s (Fig.3.7) and damage was detected. The steady
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Figure 3.7: Moving average of lateral force (friction averaged over sliding distance) as a
function of sliding cycles for v = 5µm/s.
increase in friction indicated that the graphene monolayer underwent progressive damage
at relatively large sliding speeds, albeit to a lesser extent than the slower velocities which
caused catastrophic damage immediately. The friction increased many times the initial value
over the course of sliding for the 50-cycle case, but still remained over an order of magnitude
lower than the bare SiO2 substrate.
3.4.3 Presence of the puckering effect over long distances
A series of single-cycle tests were run with full reciprocation (having a single cycle consisting
of a forward scratch followed by a backward scratch). Similar to the previous multi-cycle
tests, the single-cycle tests were performed using a diamond nanoindenter tip of radius 1.2µm
The first set of tests had d = 20µm (in both the forward and reverse directions) and were
run with a 10µN normal load at v = 0.01, 0.05, 0.1, 0.5, 1 and 5µm/s, on both monolayer
graphene and bare SiO2. The tests were repeated at speed v = 1µm/s and with d = 100µm.
Sliding direction is indicated in Figs. 3.8 and 3.9 by arrows in each graph, with d values of
0-20µm being forward and 20-40µm being backward for 20µm scratch lengths, and 0-100µm
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Figure 3.8: Reciprocating sliding test with lateral force vs. sliding distance for (a) graphene,
v=0.01µm/s; (b) SiO2, v=0.01µm/s; (c) graphene, v=1.0µm/s; (d) SiO2, v=1.0µm/s. Ar-
rows indicate direction of sliding: 0-20µm forward and 20-40µm backward.
being forward and 100-200µm being backward for 100µm scratch lengths. Lateral force, F, is
the absolute value of the friction, so it always has a positive value and thus does not indicate
sliding direction.
The reciprocating tests indicate that the puckering effect was present in both 20µm
and 100µm scratch lengths for monolayer graphene, and was pronounced at higher sliding
velocities. This was evidenced by the linear increase in friction with forward sliding distance
and converse linear decrease in with backward sliding distance seen in Figures 3.8c (and
later Figure 3.10a). The increase in lateral force over distance can be attributed to the out-
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Figure 3.9: Conceptual diagram of the impact of the puckering effect in graphene on friction
during sliding. Shown: (a) Cross-section of a stationary nanoindenter tip over a graphene
monolayer; (b) the tip in forward motion, moving a distance d forward with friction (blue
arrow) opposing motion and (c) the tip in reverse motion, moving distance d backward to
the original starting point.
of-plane bunching within the membrane in front of the sliding tip which serves to impede
motion (Fig. 3.9). When the tip moved in the reverse direction, the friction decreased
with sliding distance in cases where the puckering effect was evident because the membrane
relaxes. Remarkably, the puckering effect is seen at a speed of v = 1µm/s for the relatively-
long sliding paths of 20µm (Fig. 3.8c) and 100µm (Fig. 3.10a), as indicated by the linear
increase, and subsequent linear decrease in lateral force. This phenomenon, known as a
tilted friction loop, was first observed on the nanoscale using AFM measurements of various
lamellar membranes, including graphene [12]. However, this work shows that tilted friction
and puckering can also be demonstrate on the microscale.
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Figure 3.10: Reciprocating sliding test with lateral force vs. sliding distance for (a) graphene,
v=1.0µm/s; (b) SiO2, v=1.0µm/s. Arrows indicate direction of sliding: 0-100µm forward
and 100-200µm backward.
Conversely, the bare SiO2 shows a steady, linear increase in friction in both the forward
and reverse directions for the 0.01µm/s sliding velocity (Fig. 3.8b). This steady increase
in friction for both forward and backward directions is likely due to a steadily-increasing
contact area during sliding due to high adhesion and the accumulation of debris. The
constant, linearly-increasing behavior of bare SiO2 contrasts the graphene-coated SiO2, which
exhibits a friction increase, and subsequent friction decrease on the return path. Although
the graphene-coated SiO2 also experienced increasing contact area, the graphene served as
a barrier and lubricant that diminished tip-to-substrate adhesion.
The steadily-increasing lateral force was also seen in certain cases with the graphene-
coated SiO2 sample. For example, the 0.01µm/s sliding velocity scenario as seen in Fig. 3.9a
showed increasing friction with sliding distance. Since the graphene had been catastrophi-
cally worn away for this case (Fig.3.7a), the SiO2 substrate was exposed, leading the overall
behavior to follow that of bare substrate. However, there was still some lubricative effect
of the graphene despite its integrity being compromised, since the maximum lateral force of
the bare substrate, 1mN, was over three times larger than that of the graphene-coated SiO2,
0.3mN, for the 0.01µm/s sliding velocity case. However, at faster speeds the inverse was
true: namely the graphene in the 1.0µm/s sliding speed case had a maximum lateral force
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Figure 3.11: Lateral force at varying speeds for single reciprocation cycle, forward and
backward (b) the slopes of the linear curve fit of friction for both forward and backward
directions of the graphene monolayer.
of 0.09mN, three times higher than the bare SiO2 at the same speed which has a maximum
of 0.03mN. The average lateral forces for the full reciprocation (forward and backward) are
reported for graphene and SiO2 in Fig. 3.11a, in addition to the linear curve fit slopes for
graphene (Fig. 10b, denoted as force per sliding distance, or µN/nm). Figure 3.11 shows
that beginning at sliding velocity of v = 0.1µm/s the average lateral force for graphene was
significantly higher than that of SiO2 and that at this speed the linear curve fit slope of the
lateral force on the backwards pass became negative, indicating the presence of the puckering
effect. A negative friction slope on the return pass indicated that some of the energy was
recovered, and thus behaved elastically, which can only occur due to the puckering effect.
3.4.4 Mechanism for the long-distance puckering effect
The tilted friction from the puckering effect was experienced by the nanoindenter tip sliding
on graphene over scratch distances nearly two orders of magnitude longer than the tip radius.
The relative length of the tilted friction in this study was much larger with respect to the
1.2µm tip radius than previously reported. Lee et al. reported tilted friction over a distance
of about 3nm in exfoliated monolayer graphene on a SiO2 substrate with 5-10nm radius
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silicon and silicon nitride (Si3N4) AFM probes. After about 3nm (or less than one tip
radius), the friction became “saturated” and it leveled out to a constant value at a given
normal load [12]. In the previously-mentioned work, a monolayer of exfoliated MoS2 on the
same substrate, using the same AFM tip exhibited tilted friction that saturated at a scratch
distance of less than one tip radii, indicating that the effect was present in atomically-
thin monolayers, regardless of monolayer composition. It was thus seen that the frictional
behavior of transferred monolayer graphene was length-scale dependent.
The puckering effect described by the finite element simulation by Lee et al. consisted of
the graphene monolayer snapping up and conforming to the tip, causing separation between
the monolayer and substrate along a distance roughly equivalent to the tip radius. Both
simulation and friction experiments agreed that the sliding distance length-scale for the
puckering effect was limited to within one radius of the sliding tip. The length over which
the graphene was separating and causing tilted friction for our nanoindenter scratch tests
suggested delamination of the monolayer over lengths on the order of tens of micrometers,
which is not explained by the puckering effect in the traditional sense.
Here we consider a new mechanism for tilted friction of atomically-thin sheets, viz the
coalescence of pre-existing bubbles during sliding. This mechanism, which can be thought of
as a long-distance puckering effect, is depicted in Figure 3.9, with smaller wrinkles coalescing
during forward sliding. This effect’s macroscopic analogy can be thought of as the attempt
to smooth a wrinkled adhesive sticker or tape that has been adhered to a flat surface. If
one is not careful during application, bubbles of air can be trapped between a sticker and
the surface to which it is adhered. In order to render the decal smooth the bubbles must
be pushed out to the edges of the sticker where the air can escape. While being pushed to
the edge, the bubbles will coalesce into larger versions of themselves, obstructing the path of
whatever pushes them. In this way, the puckering effect can be extended to distances that
are much larger than the object pushing them.
To explore the long-distance puckering in the CVD graphene monolayer, a series of
contact-mode AFM experiments were performed. A silicon nitride AFM tip (Mikromasch
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Figure 3.12: AFM topographical scans of the CVD monolayer graphene as transferred on
SiO2 (a) before and (b) after a 15nN scan. The bubbles in (a) have been flattened and
displaced in (b), whereas the particles are still in the same position in both scans.
NSC19 Si3N4-coated tip, R ¡ 20nm, stiffness of 0.21N/m calibrated by the reference can-
tilever method [65]) scanned a 5µm square area of the graphene monolayer at 8nN normal
load and a sliding speed of 2µm/s. Unidirectional friction force was obtained by calibrating
the tip with a diamagnetic force levitator [66].
Unidirectional topographical scans revealed that the transferred graphene monolayer was
scattered with two features, namely, bubbles and wrinkles, presumably that are a result of
gas that was trapped between the graphene and the SiO2 substrate (Figure 3.12a). The
bubbles had a maximum linear dimension on the order of 1µm, and an average height of
approximately 1 nm. Air bubbles were previously found between a mica substrate and
exfoliated monolayer graphene [12]. The wrinkles were microns, to tens of microns long,
and several nanometers high.
After the 8nN scan, the same area was re-scanned under identical conditions but with a
normal load of 15nN in an attempt to “push” the bubbles. Finally, a third scan was re-run
at a lighter 7nN load in the same area to examine the impact that the higher 15nN load had
on the bubbles. The 15nN scan, in fact, flattened and pushed the bubbles out of the field of
view (Fig. 3.12b).
During the 15nN scan, there was increased friction over areas where the bubbles originally
existed. A friction line scan of flat, well-adhered graphene depicted constant friction force
65
Figure 3.13: Unidirectional friction line scans of both flat graphene and a graphene bubble.
While the tip slides over the bubble, friction increases with a linear trend, similar to the
tilted friction of the puckering effect.
over sliding distance, which is anticipated (Fig.3.13). When compared to a friction line
scan of equal length over a bubble of graphene, the friction increases linearly with sliding
distance, similar to the friction strengthening caused by the puckering effect. It should
be noted that since lateral force was captured only unidirectionally, the effect of sample
tilt on the magnitude of the lateral force measurement could not be obtained. However,
the qualitative difference in frictional behavior between areas of graphene that contained
bubbles when compared to areas that were flat was captured fully. As such, the friction
offset (y-intercept) for the measurements in Fig. 3.13 were arbitrarily set to 15nN (the same
value as the normal load). In experiments, the friction over the flat graphene was the same
value as the friction experienced as the tip just before contacting a bubble, which is also
represented in Fig. 3.13. The friction force did not increase monotonically with distance
while the tip slid over the bubble. Occasional sharp drops in the friction force were observed
while the tip slid over the bubble, which may be points of strain relief within the graphene
film.
Bidirectional lateral force scans were performed with a silicon AFM tip (NT-MDT NSG30,
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Figure 3.14: (a) Topographical scans showing a flat bubble and wrinkles on graphene and (b)
corresponding lateral force measurement (reverse direction). The scan orientation is from
left to right. The bubble of interest is in the center of the figures, and the line “1” shows
the respective topography and friction line scans in Fig 3.15.
R ¡ 10nm, K = 35N/m, Fig. 3.14). These scans were performed at a normal load of 10nN
with the lateral force recorded as an arbitrary signal. The scans revealed that the tilted
frictional behavior was caused by the spring-like behavior of the bubbles (Fig. 3.15), as op-
posed to a topographical feature (e.g., contamination, roughness) because i) the bubble was
relatively flat and could not contribute topographically to the lateral force measurement,
and ii) the variation in lateral force over the surface features and bubbles were qualitatively
different. The traversing of the tip over a surface feature was marked by an initial spike in
the lateral force in the direction of motion as the tip first encounters the feature, followed by
a spike in the lateral force signal in the direction opposing motion as the tip travels past the
feature. On the other hand, when the tip traversed a bubble, the lateral force signal spked
in the direction opposing motion, for both the forward and reverse scenarios (Fig.3.15).
The reported lateral force increased near-linearly over the center of a bubble, and then
released after a certain point. The slope of this spring-like behavior was similar in both
the forward and reverse scan directions (Fig. 3.15). The lateral force signature of the
bubble could only have been caused by the long-distance puckering effect, since there were
no significant topographical changes over the flat center of the bubble, and since the signature
was distinctly different from areas where the surface composition changed (Fig. 3.16).
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Figure 3.15: (a) Topographical line scan of bubble, which is about 0.47nm high, the red lines
indicating the average surface height at the base and top of the bubble (b) corresponding
lateral force measurement, samples from the area roughly indicated by the arrows in (a), the
arrows indicate the direction of the lateral force measurement.
Figure 3.16: Different surface features and their corresponding lateral force measurement.
The long-distance puckering effect is not symmetrical (i.e. the spring-like behavior opposes
the direction of sliding) and can easily be delineated from surface features such as topography
or material change (such as contamination).
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The distance over which the friction increases (about a micrometer) was nearly two
orders of magnitude larger than the AFM tip radius (R ¡ 20nm) which is similar to the
observation of increasing friction over sliding distances two orders of magnitude larger than
the nanoindenter tip. This agreement between nano scale and micro scale experiments
suggests that the pushing of bubbles may be a feasible mechanism for long-distance friction
strengthening caused by the puckering effect.
3.5 Conclusion
Given graphene’s emergence as a potential nanomaterial in MEMS and its possible role
as a protective coating in commercial electronics, understanding of its behavior in moving
systems is critical. In particular, elucidating the tribological characteristics of graphene is
crucial to its implementation as a protective coating for electrical contact, data storage, and
semiconductor devices. This study has revealed several fundamental facets regarding the
wear of graphene monolayers that are useful in engineering implementation of graphene in
systems where sliding is expected.
• Friction of graphene layers was highly velocity dependent, with friction dropping two
orders of magnitude over a velocity range of 0.01-5µm/s (Figs. 3.3 and 3.4). Addi-
tionally, wear of the graphene monolayer was catastrophic at lower speeds and also
decreases as sliding velocity increases (Fig. 3.5).
• The long-distance puckering effect was present at sliding distances of 20µm and 100µm,
two orders of magnitude larger than the 1.2µm radius diamond tip sliding over a
graphene monolayer transferred to the SiO2 substrate (Figs. 3.8c and 3.10a). The
puckering effect caused the graphene monolayer to have higher average friction than
bare SiO2 at some sliding velocities (Fig.3.11).
• There was a correlation between adhesion and wear in the graphene membrane. Lower
velocities caused longer dwell times between passing asperities and the graphene that it
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contacted, meaning better tip-membrane conformity and an increase in the puckering
effect. At low speeds the width of the wear scar of graphene, 2µm (Fig. 3.5a), is
greater than the largest possible contact area of a 1.2µm radius tip, suggesting that
the graphene delaminates in an area wider than the tip diameter and tears along a
wear front caused by the puckering effect.
• Even in cases where no damage was detected after 10 sliding cycles (such as the 5µm/s
sliding velocity tests, Figs. 3.6 and 3.7), wear and friction increase was seen after
50 cycles. The steady increase in friction and defect density also suggested steady,
sustained wear to the graphene membrane at higher speeds, rather than one abrupt
failure of the membrane, which was the case for the 0.01µm/s sliding velocity test.
• AFM tests revealed that the surface of the graphene monolayer was scattered with
bubbles and wrinkles (Fig. 3.12). Friction force measurements by the AFM revealed
that the bubbles could be pushed by the scanning tip.
• Lateral force measurements with the AFM revealed that and that the friction over the
bubbles increased near-linearly with sliding distance (Fig. 3.13 and 3.15). The sliding
distance over which the lateral force increased is at least an order of magnitude larger
than the contact radius, suggesting that the bubbles could be the mechanism behind
the long-range puckering effect and delamination observed by the nanoindenter scratch
tests.
The long-distance puckering effect, which was likely caused by the coalescence of bubbles
in the monolayer, was the dominant contributor to friction, causing graphene to have higher
frictional contributions than bare silicon dioxide for relatively low sliding velocities. Mov-
ing forward in the implementation of graphene in moving systems, managing adhesion and




Reducing contact resistance of
macro-scale separable electrical
connectors with single-layer graphene
coatings
Electrical connectors are the most critical links of electronic and power system, and are
needed for providing a path for electronic signals and/or power connections [67, 68]. With
all electrical contacts, the contact resistance is regarded as the most important characteristic,
as it is the primary determiner of power loss and/or signal noise as well as resistive heat
generation. Depending on their function and operating conditions, electrical connectors are
required to transmit current, resist corrosion, withstand vibratory movement that is imposed
from the operating environment, and also endure sliding motion from all connections or
disconnections that take place during the lifetime of the device.
Copper (Cu) alloys are commonly used as the underplate (i.e., substrate) material in most
electrical contacts, but are generally subject to attack from atmospheric pollutants. For this
reason, layers of gold, platinum, and other noble metals are commonly used for tribological
protection and/or corrosion resistance. The porosity of electrical contacts, defined as the
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degree of microscopic exposure of the underlying substrate to the environment, is a critical
parameter in the protective film, as it determines how quickly the underlying surface would
potentially corrode. For most contacts on the macro scale, films of gold (Au) and other noble
metals can be electrodeposited on a contact surface in a near pore-free manner. However,
the length scale of electronic devices has become increasingly smaller in recent years, causing
the trend in electrical connector technology to be directed towards increased miniaturization,
with the length scales of electrical contacts having decreased accordingly. Moreover, the high
cost of noble metals has driven the industry towards thinner plating layers. The matter of
porosity and corrosion resistance of legacy protective films poses a challenge at small length
scales. For example, past work has shown that the porosity of electrodeposited gold was
inversely proportional to its thickness, with the deleterious effect being especially pronounced
at thicknesses less than 1-2µm [69].
When electrical connectors degrade or fail, entire systems can suffer. A study by Pacific
Gas and Electric revealed the cumulative cost of degraded electrical contact rose to hundreds
of dollars per electrical connector (Fig. 4.1) used in power transmission lines [70]. Corrosion,
as a whole, was found to cost the electrical distribution system in the United States $600
million annually in a Congressional report filed by the Federal Highway Administration [71].
Much of the damage caused by corrosion in the power distribution system occurs at the point
of contact in electrical connectors, since they are some of the only surfaces along the line of
transmission which are exposed to corrosive elements. Clearly, it is imperative that low-cost,
reliable solutions to reducing corrosion and improving performance in electrical connectors
are researched and developed.
Graphene (Gr) [72, 73] has been considered for use as a next-generation electrical con-
tact material because of its mechanical strength [12, 74, 47, 75] and atomically-thin, two-
dimensional structure. It can be directly grown onto copper underplates to provide tribolog-
ical and corrosion protection, and can transmit an electric current because it is electrically
conductive [76, 77]. Moreover, single-layer graphene has been demonstrated to be gas im-
permeable [78] and suitable as an effective diffusion barrier against oxidation [79].
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Figure 4.1: (Left) the cumulative cost of degradation of a single power-transmission connector
[70]. (Right) the overall annual cost of corrosion to US utilities, of which $0.6 billion was
attributed to electrical power transmission [71].
Graphene has been studied to exploit its excellent electronic properties for new applica-
tions. Unique electronic phenomena, such as electric field tunability of the band structure of
graphene [80, 81] have been measured in recent studies, which have made graphene a prime
candidate for use in electronic devices such as field effect-transistors (FETs). Because the
contact resistance is a limiting factor in the performance of graphene FETs, recent studies
have endeavored to characterize the contact resistance of metal-graphene interfaces, with
the primary focus being the interface between an electron-beam-deposited Ti electrode and
a graphene underlayer. However, such work was primarily targeted towards graphene-based
electronic systems that have bonded metal-graphene interfaces as opposed to the separa-
ble asperity-based interface that is commonly seen within electrical connectors. Moreover,
these studies primarily used mechanically-exfoliated graphene as opposed to chemical vapor
deposition (CVD)-grown graphene, which is more practical for industrial fabrication.
The current study investigates the electrical contact resistance of single-layer graphene as
it pertains to separable electrical connectors. To measure the contact resistance, two sets of
tests were run. The first test (static) measured electrical contact resistance of the samples at
constant normal loads, while the second test (dynamic) measured electrical contact during
sliding. In both cases, the graphene-coated copper was benchmarked with bare copper and,
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in the case of low loads, Ni/Au-coated copper.
4.1 Preparation of copper electrical connectors with
graphene CVD monolayers
High-purity (greater than 99.99% elemental composition, oxygen-free, high conductivity),
C102 copper samples were used as growth substrates for contact resistance testing. After a
thorough cleaning with acetone and alcohol, the copper samples were processed using CVD
for graphene monolayer growth [82]. The air in the chamber was evacuated and under
vacuum conditions the temperature of the growth chamber was ramped to 1000◦C. The
copper sample was annealed for 45 minutes at this temperature in a hydrogen environment
(2 sccm of H2) to allow the copper grains to re-orient and minimize pre-stress in the graphene
after growth. Subsequently, during the growth period, methane (35 sccm CH4) was flowed
through the chamber in addition to the hydrogen for 30 minutes while maintaining the system
temperature at 1000◦C. To finish the growth process, the heaters were turned off and the
chamber was allowed to cool to room temperature under the same hydrogen and methane
flow rates.
Once the growth process had taken place, the graphene was characterized by Raman spec-
troscopy (Fig. 4.2), which can indicate the number of graphene layers present [62]. A group
of control samples were processed in the same manner as the test samples with graphene
growth, but exposed to oxygen plasma treatment afterwards to remove the graphene layers.
By comparing the performance of the test samples with the control samples, the effect of
substrate annealing during the process steps was minimized.
For contact resistance measurements, electrical current was passed through a hemispher-
ical 6mm diameter brass ball plated with 1.27 µm of Ni and 5 µm of soft Au that was placed
in consummate contact with three types of samples, i) a bare copper control, ii) copper with
graphene grown on it, and iii) copper with a standard gold/nickel anti-corrosive coating.
The electrical contact resistance was measured at a range of contact loads (static), and later
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Figure 4.2: 2D Raman spectra peak of graphene. Random Raman interrogation of the
processed copper connector revealed single-layer (monolayer) graphene deposition across the
surface.
a second (dynamic) sliding test was performed wherein the hemisphere made contact with
the samples, was loaded to a constant contact force, and then slid across the surface of the
sample at constant velocity, while maintaining a constant normal load and measuring elec-
trical contact resistance. For the static tests, electrical resistance was measured in one set
as the normal load was increased from 0-100g (about 0-1N). For the dynamic tests, the tests
measured resistance during sliding at a constant normal load of 100g (the latter test did not
have the Au/Ni-coated copper benchmark). Each test was repeated at least five times.
Each individual contact resistance measurement was an average of a series of read-
ings made with a steady-state, 4-wire DC measurement under voltage and current limited
(50mA/50mV) conditions. All measurements were taken under lab atmosphere conditions.
The process was load-controlled, having a minimum resolution of 0.001N. Fig. 4.3 illus-
trates a gold plated probe or “cap” mounted to the conical probe head and a gold plated
flat coupon mounted on the positioning table as well the current and voltage measurement
locations. As seen in the figure, the head was mounted at an angle and was rotated between
tests to present a fresh surface.
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Figure 4.3: The electrical contact resistance measurement device. The conical section con-
tains the hemisphere which makes contact with the specimen directly beneath it, and current
is measured via the connected probes.
4.2 Static and dynamic contact resistance tests of graphene-
coated copper contacts
In the 0-100g static tests, the graphene-coated copper had an electrical contact resistance
value over two orders of magnitude less than bare copper, and the Gr-coating had similar
performance to the industry-standard Au/Ni coating, as seen in Fig. 4.4. Similarly, during
100g sliding test the Gr-coated copper maintained a significantly lower contact resistance
than bare copper. After a normal load of 2g, the contact resistance for the uncoated copper
did not change significantly, and the rate of change for the Au/Ni and Gr coatings dropped
significantly. In the case of the 100g sliding test, the contact resistance for the coatings did
not change appreciably. The 100g sliding test had a steady-state contact resistance value
close to the value of the 100g value for the static test (presumably where the Gr and Au/Ni
coatings were still intact), indicating that the layers were present during the 100g slide, and
had not worn away.
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Figure 4.4: (Left) 0-100g static normal loading test and (right) 100g normal load dynamic
sliding test.
4.3 Impact of oxide growth and annealing on electrical
contact resistance
Further experiments were performed to determine the impact of i) the annealing process of
graphene growth and ii) oxide growth on the contact resistance of copper samples. Electrical
contact resistance measurements were taken for cleaned copper, copper with an accelerated
oxide layer formation, and copper on which a graphene monolayer was deposited. Resistance
measurements were performed using the flat copper sample with graphene, and the copper
hemisphere coated with graphene.
To ensure that an oxide layer was present, thermal aging was performed on the copper.
Typically only cuprous oxide (Cu2O) grows at temperatures below 200
◦C so accelerated
aging occurred at 100◦C to drive the appropriate species. The estimated growth rate of the
oxide layer at 100◦C is [83]:
h = (0.86[nm3/s]t)1/3 (4.1)
where h is the oxide layer thickness, and t is the time elapsed. For a growth time of
7200 seconds, the oxide layer was about 18nm thick, which increased the electrical contact
resistance significantly when compared to copper without any oxide film. The impact on
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Figure 4.5: Contact resistance of copper at various thermal aging conditions.
contact resistance for aged copper can be seen in Fig. 4.5. The copper with the 18nm thick
oxide layer provides a good baseline for comparison with graphene-coated-copper.
A test of electrical contact resistance was performed with: i) cleaned C102 (no oxide)
and a brass hemisphere, ii) C102 thermally aged at 100◦C for 7200 seconds and a brass
hemisphere, iii) graphene-on-C102 and a brass hemisphere, iv) graphene-on-C102 and a
hemisphere of graphene-on-C102 v) graphene-on-C102 and a gold hemisphere (Fig. 4.6).
The thermally-aged C102 and cleaned C102 performed similarly to the previous thermal
aging tests, indicating a predictable oxide layer formation. However, it was immediately
apparent that the graphene-coated C102 samples did not perform advantageously when
compared to the C102 with oxide, except in the case of the graphene-coated C102 and Au-
hemisphere. This was likely a result of an increase in surface roughness, and subsequent
increase in contact resistance.
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Figure 4.6: Comparison of thermal contact resistances of copper and graphene-coated copper.
E-cleaned C102 has no oxide layer.
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Figure 4.7: Surface profilometry of (left) bare copper and (right) copper annealed during
graphene growth.
Surface profilometry of the bare (unannealed) C102 and graphene-coated (annealed) C102
revealed a large change in surface roughness. During the annealing process of the graphene
growth, the surface of the copper sample re-arranged significantly, increasing the surface
roughness (Fig.4.7) and likewise the contact resistance. At a higher surface roughness, the
true area of contact was diminished, which increased contact resistance. Untreated copper
has an Ra value of 0.226µm, while the graphene-coated copper has an Ra value of 0.489µm.
The impact of surface roughness on contact resistance can be estimated analytically [84].





where A is the real area of contact, A0 is the nominal area of contact, Ra is the surface
roughness, κs is the average radius of curvature of the surface asperities, p¯ is the nominal
surface pressure and E∗ is the equivalent elastic modulus of the two surfaces in contact.
Curvature, κ, is a function of bin sampling size, unlike surface roughness Ra. Curvature can
be numerically estimated from topographical data as follows:
κ = (zi+1 − 2zi + zi−1)/h2 (4.3)
where κ is the local curvature for a given bin as estimated numerically, z is the topo-
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Figure 4.8: Curvature of asperities as a function of bin size for (left) before annealing and
(right) after annealing.
graphical height at a given bin point, the subscript i denotes the discrete bin number, and
h is the length of the bin. κs is on the same order as the standard deviation of the field
of curvatures, and is represented as κs = σk where σk is the standard deviation of the nu-
merically estimated curvatures [84]. The curvature as a function of bin size can be seen in
Fig.4.8. As the bin size increases, the sample looks ”flat”, and curvature is near zero. As
the bin size approached small values, the bin size was of the order of the incredibly small
surface features, and became noisy. The optimal bin size was determined by finding the
largest negative change in curvature in the middle sections, since that indicated the point at
which the bins ”detected” significant upwards-facing asperities.
Since electrical contact resistance, Rc, is proportional to real area of contact, the ratio of









where the subscript Gr denotes graphene-coated-C102 (which has been annealed) and
the subscript C102 denotes untreated copper (unannealed). The radius of curvature, κs for
the graphene coated sample is 0.30815µm−1 and the value for the untreated C102 sample
was 0.0674851µm−1.
Using the κs values along with the Ra values and Eq.4.4, the contact resistance of the
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annealed sample should be on the order of 3.1 times larger than that of the unannealed
sample.
Taking the modeling further to estimate contact resistance over a range of normal loads,
McCool summarized a numerical method for finding the real area of contact for a rough





where Ac is the real area of contact, A0 is the nominal area of contact, Rhem is the radius
of the rough hemisphere, σs is the standard deviation of the summit height, DSUM is the
density of summits per unit area, ω is the ratio of the mean plane distance to the standard





where m can be any number (for our purposes it will have a value of 1 or 3/2), and φ(x)
is the normal distribution of surface heights along the in-plane axis, x.









where P is the normal load and E∗ is the equivalent modulus. Through extensive deriva-
tion, McCool shows that Eqs.4.5 and 4.7 can be re-written as:
Ac
A0




= 0.0333E∗m1/22 (α− 0.8968)3/4F3/2(ω) (4.9)
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where α is a non-dimensional surface roughness parameter and m2 is the average square

















where E() denotes statistical expectation, m0, m2 and m4 can all be extracted from
profilometry data and put into Eq. 4.9 to solve for ω, which can then be used to find Ac
in Eq.4.8. Contact resistance is proportional to a constant divided by real area of contact
Rcontact = C/Ac, where C was selected based on the maximum load for the cleaned copper
case. These models were incorporated for unannealed-on-unannealed (orange dashed-and-
dotted line in Fig.4.9) surfaces and annealed-on-unannealed (grey blue dashed line in Fig.4.6).
There is a perceptable difference between the annealed vs. unannealed models, with the
annealed model having much higher contact resistance, as to be expected.
While the models capture the qualitative trends of the difference in contact resistance
due to annealing during graphene growth, there is a significant deviation with experimental
data. The current model does not factor in electrical current constriction contributions, nor
tunneling behavior into its predictions. Furthermore, the model cannot predict the impact of
a monolayer of graphene on electron transport. However, the model serves as a good order-
of-magnitude comparison between the annealed and un-annealed case and shows that the
increase in surface roughness during the graphene growth process is a plausible explanation
for the difference between the C102-with-graphene and the bare C102 case, since both should
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Figure 4.9: Comparison of electrical contact resistances to models. The models are of an-
nealed copper (experimental equivalent of C102 with graphene) and un-annealed copper
(plain C102).
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have minimal resistance contributions from oxide layers.
Experimentally, the higher contact resistance of the annealed-on-annealed is visible in
Fig. 4.6, where the graphene-coated-C102 flat and graphene-coated-C102 hemisphere case
is demarked as a solid purple line with dash marks, which is the highest contact resistance
case.
The next highest contact resistance is the graphene-coated-C102 with an unannealed
C102 hemisphere, seen as the teal line with circles in Fig.4.6. In this case, the flat, annealed
copper is relatively rough, while the copper hemisphere is relatively smooth, so the contact
resistance is not as high as the previous scenario where both the hemisphere and flat copper
were annealed and therefore rough.
As a benchmark to the previous study in Section 4.2, graphene-on-C102 is tested for
contact resistance with a gold-coated brass ball in the exact same fashion (green line with
squares in Fig.4.6) and the results are repeated.
When non-annealed (smooth) C102 has been plasma cleaned to remove any oxide, the
contact resistance is the lowest, seen by the solid blue line with diamonds in Fig. 4.6. In this
case, both the low surface roughness and lack of oxide layer provide commensurate contact
between the hemisphere and flat.
The dramatic impact of the oxide layer can be seen clearly by comparing un-annealed
C102 which is thermally aged (red line with triangles) to the E-cleaned C102 (solid green
line) in Fig. 4.6. Surface roughness effects are minimized since both copper samples in
this case are unannealed. In this way, the impact of the oxide layer can be seen, which
exacerbates contact resistance by well over an order of magnitude.
4.4 Conclusion of electrical contact measurements
A series of contact resistance measurements were made to determine the effectiveness of
single-layer graphene as an electrical contact coating. Additionally, the graphene coating
was benchmarked with a commercially-used anti-corrosive gold/nickel coating. Further tests
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were performed to characterize the impact of annealing during the graphene growth process
on the surface roughness of the copper samples. Several new findings were revealed regarding
the implementation of graphene as a protective coating to prevent oxides on copper contacts:
• A single layer of graphene deposited on a macro scale copper contact is enough to
prevent copper oxide from forming on the surface of the electrical contact, due to the
gas impermeability of the graphene. Because of this, graphene-coated copper had a
contact resistance as much as two orders of magnitude lower than identical, uncoated-
copper
• Copper-oxide, a form of corrosion, appeared to be present on bare copper electrical
contacts, and also increased its contact resistance, as expected. This was evident in the
500g dynamic sliding test, wherein the uncoated copper and graphene-coated copper
had nearly the same contact resistance value at steady-state, indicating that the oxide
layer and graphene layers had both been worn through, exposing bare, un-corroded
copper.
• Thermal aging revealed that the copper oxide layer is in fact present for bare copper
contacts, and that copper contacts with graphene monolayers deposited on them have
the oxide layer reduced, of not prevented entirely.
• Since the performance of both the Au/Ni and Gr coatings were similar, it is likely that
both coatings prevented copper oxide from forming, and that copper oxide was the
primary cause for electrical contact degradation in the bare Cu sample.
• The annealing process during graphene CVD growth severely increases the surface
roughness of the copper, which can exacerbate contact resistance, although the benefits
of oxide prevention outweigh the increased contact resistance from surface roughness.
Degradation of electrical contacts is a phenomenon that can diminish system perfor-
mance, endanger, and impose considerable financial cost. Graphene has demonstrated its
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viability as a protective coating, even as a single, atomically-thin layer, due to its anti-
corrosive properties. The electrical contact resistance of graphene was found to compare
well to with industrial standard metal anti-corrosive coatings under moderate loads. Be-
ing made of carbon, a vastly abundant element, and processed from natural gas (methane),





With the emergence of graphene as a pre-eminent nanomaterial and an increased demand
for nano scale protective coatings, understanding the tribological behavior of graphene is
critical. Additionally, applications for 2-D materials that do not are not traditional tribolog-
ical systems may still have tribological processes. For example, nano scale electronic devices
that include 2-D materials will require said materials to be flattened and well adhered to the
surface in order for the appropriate semiconducting properties to be utilized. The process
of flattening the 2-D materials will likely involve sliding, and therefore be tribological in na-
ture. These issues of behavior during sliding are even more pronounced in flexible electronics
and hard disk applications for 2-D materials. Tribological phenomena of two-dimensional
materials is just beginning to be understood, yet there are many areas that required atten-
tion that this work sought to elucidate. The ability for the research community to address
these fundamental questions will ultimately dictate the footprint that graphene will have as
a protective coating.
5.1 Fundamental contributions
This work made several significant contributions to help further the understanding of the
fundamental tribological behavior of graphene.
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i) Wear in monolayer graphene was directly quantified for the first time using Raman
spectroscopy. It was found that graphene fails catastrophically at low speeds (less than 0.1
µm/s. Graphene was entirely removed from the area of the wear scar, which was 2µm wide,
much larger than the possible contact area for a Berkovich tip with a radius of 1.2µm. This
indicates that the graphene partially delaminated and tore along a much wider path. In
addition, at higher speeds when graphene did not catastrophically tear, sustained damage
was evident. Even in scenarios where no damage was immediately detected (after 10 sliding
cycles), damage increased gradually and quantifiably over extended sliding cycles (50 and
100 sliding cycles). The damage seemed proportional to the number of sliding cycles, and
average friction increased linearly with the number of sliding cycles. This indicates that at
moderate speeds graphene gradually loses its protective ability as it is damaged, and does
not catastrophically fail.
ii) Low-speed catastrophic failure was associated with friction forces that were orders of
magnitude higher than those at higher speeds (sliding velocities greater than 0.1upmum/s).
The predominant mechanism for increased friction and wear is likely increased capillary ad-
hesion at lower speeds because of two tell-tale frictional behaviors: a) the dramatic inverse
relationship between sliding velocity and friction and b) the existence of a critical sliding
velocity beyond which friction becomes velocity-independent. This is consistent with exper-
imentation/modeling of other nano scale sliding systems in which capillary forces become
dominant.
iii) A new frictional mechanism, long-distance puckering effect, was revealed. At speeds
greater than 0.5µm/s, friction increased with sliding distance over large scales, but would
decrease if the tip reversed directions, exhibiting elastic-like behavior. A 1.2µm radius tip
experienced an increase in friction (and subsequent decrease in friction on the return path)
over sliding distances of up to 100µm, two orders of magnitude larger than the tip radius.
The puckering effect previously discovered only found tilted friction over the length of about
one tip radius. This new long-distance puckering effect appears to be wide-scale delamination
of graphene. Interestingly, the graphene delaminates and pulls on the tip like a spring, and
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this increased resistance to movement can actually make the average friction of sliding over
a transferred graphene monolayer larger than the average friction of sliding over a bare
substrate. The cases where graphene has higher friction than bare substrate are also new
results, since previously graphene was found to decrease friction when transferred to various
substrates.
5.2 Applied contributions
: In addition to the fundamental knowledge, this work made several contributions to the
application of graphene as a protective coating.
i) Atomistic simulations of indentation and sliding of tri-layer graphene and diamond-
like-carbon showed that graphene can potentially support much higher loads than 86% sp3
bonded DLC. This has tremendous implications for use of graphene in hard-disk drives, which
require new protective coatings on the order of 1 nm thick. The graphene out performed
the DLC (which is an industry standard nano scale protective coating) significantly both
during indentation and abrasive sliding, indicating that it has great potential as a protective
coating at small scales.
ii) Graphene was successfully implemented as an anti-corrosive coating for commercially-
available copper electrical connectors. Because of graphene’s gas impermeability oxide layers
were prevented from forming on the copper. Coupled with graphene’s atomically-thin con-
figuration and high electrical conductivity, contact resistance measurements with graphene-
on-copper were orders of magnitude lower than bare copper itself. The low contact resistance
of the graphene coating compared with an industry-standard gold/nickel coating, and has
potential implication for cost savings. It was found that the surface roughness of the copper
did change during the annealing process to grow graphene, and did contribute to an increase
in contact resistance, but the overall benefit of preventing the oxide layer still made graphene
a feasible protective coating for macro-scale electrical connectors.
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5.3 Future work
Given graphene’s potential, more work is warranted to better understand its behavior, but
more importantly, to establish the full range of applications.
i) Since most of graphene’s applications will likely involve some form of transfer, which can
lead to bubbles of gas trapped between the graphene and substrate, studying the frictional
behavior of bubbles will be critical. In particular, the ability to remove the bubbles using a
tribological process will be of interest to the graphene community, since these bubbles can
mitigate the electronic applications for graphene. Atomic force microscopy experiments to
move or flatten bubbles could yield interesting results, and have immediate application to
the synthesis of new electronic devices. The frictional behavior of bubbles is also suited for
study with molecular dynamics simulations.
ii) Graphene-based composites could potentially yield stronger light-weight materials. In
addition, graphene’s large aspect ratio and ability to be oriented could yield in functional
composites, and possibly crack-resistant composites. Cracks can be arrested if they grow
into the out-of-plane direction of a graphene flake, meaning that if the flakes could be ori-
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Appendix
Supplemental for atomistic modeling of abrasive wear
A silicon substrate of dimensions 6nm x 10 nm x 18 nm supported a graphene monolayer,
with both materials held at 300K using a Berendsen thermostat. The AI-REBO potential
was used for carbon-carbon bonds, while a Tersoff potential was used for both silicon-silicon
and silicon-carbon interactions. The 2nm repulsive spherical asperity was indented to a depth
of 1.0 nm and slid at a velocity of 0.8 m/s. The results indicated that the wear mechanisms
of a realistic atomic substrate were similar to those of the perfectly rigid substrate (similar
linear wear behavior, as seen in Fig.5.3), despite registry mismatch and plastic deformation
of the soft substrate (Silicon has a Young’s modulus of about 150 GPa).
A highly-ordered pyrolytic graphite (HOPG) substrate was indented under the same
conditions as the silicon substrate described earlier Fig. 5.2. Within the HOPG simulation,
all of the carbon-carbon bonds were governed by the AIREBO potential. Bulk HOPG was
selected to contrast the silicon substrate because of its high rigidity (Young’s modulus of
about 1000 GPa), perfect registry with the top layer of graphene, and lamellar configuration.
In this case, the top layer of graphene had the same linear wear mechanisms as the perfectly
rigid substrate, as seen in Fig.5.3).
The sliding velocity parametric study revealed several regimes of wear. At lower veloci-
ties, the wear was relatively low, until an intermediate stage of wear was reached at about
6.4 m/s that had a more aggressive wear rate. By examining the wear scars as a function
of sliding velocity it was evident that the increase in wear was a result of increased damage
to the graphene monolayer flaps left behind the indenter. As seen in Supplemental Fig-
ure 5, the flaps of the lower velocity (3.2 m/s) sliding were larger than those of the higher
velocity (9.6 m/s), indicating that at higher velocities the flaps experienced damage at dis-
proportionately higher rates. However, beyond a sliding velocity of 24 m/s, the wear rates
diminished. By examining the overlaid wear scars in Supplemental Figure 5.5, it was seen
that at higher velocities the flaps had been entirely destroyed. Additionally, the wear scar
was narrower for the 32 m/s velocity case than the 19.2 m/s velocity case, possibly due to
the fact that at higher speeds the force of the indenter damaging the graphene monolayer
was not communicated to the secondary and tertiary carbon atoms.
Mathematica code for calculating Von Mises strain en-
ergy for molecular dynamics simulations
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Figure 5.1: Cross-section of silicon substrate abrasive sliding test. Silicon atoms depicted by
grey dots, graphene monolayer by orange bonds.
Figure 5.2: Cross-section of HOPG substrate abrasive sliding test, just after indentation.
Substrate atoms depicted by black bonds, top graphene monolayer by orange bonds.
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Figure 5.3: Bonds broken per sliding distance for graphene on various substrates.
Figure 5.4: Overlay of the graphene monolayer for asperity sliding velocity of 3.2 m/s (purple)
and 9.6 m/s (black).
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Figure 5.5: Supplemental Figure 6: Overlay of the graphene monolayer for asperity sliding
velocity of 19.2 m/s (orange) and 32 m/s (silver).
(∗ Pick a s t a r t i n g t imestep , cou ld be any i n t e g e r ∗)
beg int imestep = 10 ;
(∗ Pick v e l o c i t y f o r ”camera” to f o l l o w a long wi th ∗)
ve l = 5 . 0 ;
(∗ Pick a s c a l i n g f a c t o r , t h i s w i l l s c a l e the maxstress a c c o r d i n g l y . \
Any atom t h a t exceeds t h i s s t r e s s w i l l be c o l o r e d whi te ∗)
s c a l e f a c t o r = 1 . 0 ;
(∗ Pick the dimensions o f the o r i g i n a l box , p i c k z l i m i t s to e x c l u d e \
atoms t h a t g e t f l u n g o f f o f membrane− t h i s i s c r i t i c a l f o r s t r e s s \
s c a l i n g ∗)
xu l imi to = 20 ;
x l l i m i t o = −40;
yu l im i to = 15 ;
y l l i m i t o = −15;
z u l i m i t = 10 ;
z l l i m i t = −17;
(∗ Set working d i r e c t o r y and import data f i l e ∗)
SetDirectory [ NotebookDirectory [ ] ] ;
s = Import [ ”dump . s c r a t c h t e s t v e l =4.0” , ”Table” ] ;
(∗ C a l c u l a t e number o f atoms and i n i t i a l i z e matr ices ∗)
NumAtoms = s [ [ 4 , 1 ] ] ;
d imens i ona l l = Dimensions [ s ] [ [ 1 ] ] ;
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NumTimeStep = d imens i ona l l /(9 + NumAtoms) − 1 ;
(∗NumTimeStep=13; ∗)
vonmises = Table [ i , { i , (NumTimeStep − beg int imestep + 1) NumAtoms } ] ;
v m i s e s l o c a l = Table [ i , { i , NumAtoms } ] ;
SphereTable = Table [ i , { i , NumAtoms} , { j , 2 } ] ;
c o l o r t a b l e = Table [ i , { i , (NumTimeStep − beg int imestep + 1) NumAtoms } ] ;
localminmax = Table [ i , { i , NumTimeStep − beg int imestep + 1} , { j , 2 } ] ;
(∗ Pick c o l o r scheme f o r s t r e s s energy s c a l i n g , Rainbow ∗)
c o l o r s = ColorData [ ”Rainbow” ] ;
(∗ Populate s t r e s s data ∗)
For [ j = beg int imestep , j <= NumTimeStep , j ++,
(∗ Puts s t r e s s−energy i n t o GPa from Bars ∗)
For [ i = 1 , i <= NumAtoms, i ++,
sxx = s [ [ j ∗(NumAtoms + 9) + 9 + i , 6 ] ] 0 . 0 0 0 1 / 1 7 . 3 ;
syy = s [ [ j ∗(NumAtoms + 9) + 9 + i , 7 ] ] 0 . 0 0 0 1 / 1 7 . 3 ;
s z z = s [ [ j ∗(NumAtoms + 9) + 9 + i , 8 ] ] 0 . 0 0 0 1 / 1 7 . 3 ;
sxy = s [ [ j ∗(NumAtoms + 9) + 9 + i , 9 ] ] 0 . 0 0 0 1 / 1 7 . 3 ;
sxz = s [ [ j ∗(NumAtoms + 9) + 9 + i , 1 0 ] ] 0 . 0 0 0 1 / 1 7 . 3 ;
syz = s [ [ j ∗(NumAtoms + 9) + 9 + i , 1 1 ] ] 0 . 0 0 0 1 / 1 7 . 3 ;
(∗Aggregate s t r e s s a t a g iven t imestep ,
p o p u l a t e GLOBAL vonmises and then LOCAL vonmises ∗)
svm = ( ( ( sxx − syy )ˆ2 + ( syy − s zz )ˆ2 + ( sxx − s z z )ˆ2 +
6∗( sxy ˆ2 + syz ˆ2 + sxz ˆ 2 ) ) / 2 ) ˆ 0 . 5 ;
vonmises [ [ NumAtoms∗( j − beg int imestep ) + i ] ] = svm ;
v m i s e s l o c a l [ [ i ] ] = svm ;
] ;
(∗ C a l c u l a t e the max and min s t r e s s energy FOR A GIVEN TIMESTEP ∗)
localminmax [ [ j − beg int imestep + 1 , 1 ] ] = Max[ v m i s e s l o c a l ] ;
localminmax [ [ j − beg int imestep + 1 , 2 ] ] = Min [ v m i s e s l o c a l ] ;
] ;
(∗ Max, min s t r e s s−energy FOR ALL TIMESTEPS ∗)
maxstress = Max[ vonmises ] ;
m in s t r e s s = Min [ vonmises ] ;
d e l s = maxstress − mins t r e s s ;
For [ j = beg int imestep , j <= NumTimeStep , j ++,
(∗ The current l i m i t s o f the ”camera ” ,
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moves at v e l o c i t y s p e c i f i e d at beg inn ing o f s c r i p t ” v e l ” ∗)
xu l im i t = xu l imi to + ( j − beg int imestep + 1)∗ ve l ;
x l l i m i t = x l l i m i t o + ( j − beg int imestep + 1)∗ ve l ;
yu l im i t = yu l imi to ;
y l l i m i t = y l l i m i t o ;
(∗ Determines the t o t a l number o f atoms t h a t are w i t h i n the l i m i t s \
x and y ∗)
scounter = 0 ;
For [ i = 1 , i <= NumAtoms, i ++,
x = s [ [ j ∗(NumAtoms + 9) + 9 + i , 3 ] ] ;
y = s [ [ j ∗(NumAtoms + 9) + 9 + i , 4 ] ] ;
z = s [ [ j ∗(NumAtoms + 9) + 9 + i , 5 ] ] ;
I f [ x <= xul imit ,
I f [ x >= x l l i m i t ,
I f [ y <= yul imit ,
I f [ y >= y l l i m i t ,
I f [ z <= zul imi t ,
I f [ z >= z l l i m i t , s counter = scounter + 1 ,
scounter = scounter ] , s counter = scounter ] ,
s counter = scounter ] , s counter = scounter ] ,
s counter = scounter ] , s counter = scounter ] ;
] ;
(∗ Creates a s m a l l e r t a b l e to ”zoom in ” to s e c t i o n d e f i n e d by x and \
y l i m i t s ∗)
sma l l sphere = Table [ gg , {gg , scounter } , {hh , 2 } ] ;
smal lvmises = Table [ gg , {gg , scounter } ] ;
newscounter = 0 ;
For [ i = 1 , i <= NumAtoms, i ++,
x = s [ [ j ∗(NumAtoms + 9) + 9 + i , 3 ] ] ;
y = s [ [ j ∗(NumAtoms + 9) + 9 + i , 4 ] ] ;
z = s [ [ j ∗(NumAtoms + 9) + 9 + i , 5 ] ] ;
(∗ Counter f o r the new , l i m i t e d−
s i z e atom p o p u l a t i o n ” w i t h i n camera” ∗)
I f [ x <= xul imit ,
I f [ x >= x l l i m i t ,
I f [ y <= yul imit ,
I f [ y >= y l l i m i t ,
I f [ z <= zul imi t ,
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I f [ z >= z l l i m i t , newscounter = newscounter + 1 ,
newscounter = newscounter ] , newscounter = newscounter ] ,
newscounter = newscounter ] , newscounter = newscounter ] ,
newscounter = newscounter ] , newscounter = newscounter ] ;
(∗ Populate s m a l l e r l i m i t e d−s i z e atom p o p u l a t i o n wi th s t r e s s−
energy v a l u e s ∗)
I f [ x <= xul imit ,
I f [ x >= x l l i m i t ,
I f [ y <= yul imit ,
I f [ y >= y l l i m i t ,
I f [ z <= zul imi t ,
I f [ z >= z l l i m i t ,
smal lvmises [ [ newscounter ] ] =
vonmises [ [ NumAtoms∗( j − beg int imestep ) + i ] ] ,
newscounter = newscounter ] , newscounter = newscounter ] ,
newscounter = newscounter ] , newscounter = newscounter ] ,
newscounter = newscounter ] , newscounter = newscounter ] ;
] ;
(∗ The max and min s t r e s s−energy f o r a GIVEN TIMESTEP ∗)
smallmax = Max[ smal lvmises ] ;
smallmin = Min [ smal lvmises ] ;
newscounter = 0 ;
For [ i = 1 , i <= NumAtoms, i ++,
x = s [ [ j ∗(NumAtoms + 9) + 9 + i , 3 ] ] ;
y = s [ [ j ∗(NumAtoms + 9) + 9 + i , 4 ] ] ;
z = s [ [ j ∗(NumAtoms + 9) + 9 + i , 5 ] ] ;
(∗ Counter f o r the new , l i m i t e d−
s i z e atom p o p u l a t i o n ” w i t h i n camera” ∗)
I f [ x <= xul imit ,
I f [ x >= x l l i m i t ,
I f [ y <= yul imit ,
I f [ y >= y l l i m i t ,
I f [ z <= zul imi t ,
I f [ z >= z l l i m i t , newscounter = newscounter + 1 ,
newscounter = newscounter ] , newscounter = newscounter ] ,
newscounter = newscounter ] , newscounter = newscounter ] ,
newscounter = newscounter ] , newscounter = newscounter ] ;
(∗ Popu la tes s m a l l e r l i s t ( Spheres whose c o l o r s are based on \
s t r e s s−energy ) based on x and y l i m i t s ∗)
(∗ SCALE FACTOR IS USED TO MOVE THE MAXIMUM STRESS AND VIEW STRESS \
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DISTRIBUTIONS BETTER ∗)
I f [ x <= xul imit ,
I f [ x >= x l l i m i t ,
I f [ y <= yul imit ,
I f [ y >= y l l i m i t ,
I f [ z <= zul imi t ,
I f [ z >= z l l i m i t ,
I f [ vonmises [ [ NumAtoms∗( j − beg int imestep ) + i ] ] <=
s c a l e f a c t o r ∗smallmax ,
sma l l sphere [ [ newscounter , 1 ] ] =
c o l o r s [ ( vonmises [ [ NumAtoms∗( j − beg int imestep ) + i ] ] −
smallmin )/ ( smallmax∗ s c a l e f a c t o r − smallmin ) ] ,
sma l l sphere [ [ newscounter , 1 ] ] = RGBColor [ 1 . 0 ’ , 1 . 0 ’ , 1 . 0 ’ ] ] ,
newscounter = newscounter ] , newscounter = newscounter ] ,
newscounter = newscounter ] , newscounter = newscounter ] ,
newscounter = newscounter ] , newscounter = newscounter ] ;
I f [ x <= xul imit ,
I f [ x >= x l l i m i t ,
I f [ y <= yul imit ,
I f [ y >= y l l i m i t ,
I f [ z <= zul imi t ,
I f [ z >= z l l i m i t ,
sma l l sphere [ [ newscounter , 2 ] ] = Sphere [{ x , y , z } , 0 . 7 5 ] ; ,
newscounter = newscounter ] , newscounter = newscounter ] ,
newscounter = newscounter ] , newscounter = newscounter ] ,
newscounter = newscounter ] , newscounter = newscounter ] ;
SphereTable [ [ i , 1 ] ] =
c o l o r s [ ( vonmises [ [ NumAtoms∗( j − beg int imestep ) + i ] ] −
localminmax [ [ j − beg int imestep + 1 , 2 ] ] ) / ( localminmax [ [
j − beg int imestep + 1 , 1 ] ] −
localminmax [ [ j − beg int imestep + 1 , 2 ] ] ) ] ;
SphereTable [ [ i , 2 ] ] = Sphere [{ x , y , z } , 1 . 0 ] ;
] ;
legendp =
ContourPlot [ y , {x , 0 , 1} , {y , minstress , maxstress } ,
ColorFunction −> ”Rainbow” , AspectRatio −> 5 ,
FrameTicks −> {False , True} , FrameTicksStyle −> 40 ,
FrameLabel −> {”” , ”Von Mises S t r e s s [GPa] ”} , Labe lSty l e −> 3 0 ] ;
smal l l egendp =
ContourPlot [ y , {x , 0 , 1} , {y , smallmin , smallmax∗ s c a l e f a c t o r } ,
ColorFunction −> ”Rainbow” , AspectRatio −> 5 ,
FrameTicks −> {False , True} , FrameTicksStyle −> 40 ,
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FrameLabel −> {”” , ”Von Mises S t r e s s [GPa] ”} , Labe lSty l e −> 3 0 ] ;
s t r e s s e n e r g y p l o t =
Graphics3D [ SphereTable , ViewVector −> {{0 , 0 , 250} , {0 , 0 , 0}} ,
ImageSize −> 6 0 0 ] ;
s m a l l s t r e s s e n e r g y p l o t =
Graphics3D [ smal l sphere ,
ViewPoint −> {0 , 0 , Inf inity } , (∗ViewVector−> {{0 ,0 ,100} ,{0 ,0 ,
0}} , ∗) ImageSize −> 6 0 0 ] ;
(∗ p l o t w i t h l e g e n d=Overlay [{ l egendp , s t r e s s e n e r g y p l o t } ,
Alignment−> {{Left , Right } ,{Center , Center }} ] ; ∗)
j s t r i n g = ToString [ j ] ;
f i l ename = StringJoin [ ” s t r e s s E ” , j s t r i n g , ” . g i f ” ] ;
f i l ename2 = StringJoin [ ” legend E ” , j s t r i n g , ” . g i f ” ] ;
Export [ f i l ename , s m a l l s t r e s s e n e r g y p l o t , ”GIF” ] ;
Export [ f i l ename2 , smal l legendp , ”GIF” ] ;
] ;
Mathematica code for processing Raman spectroscopy
maps
(∗ Set working d i r e c t o r y and import data f i l e ∗)
SetDirectory [ NotebookDirectory [ ] ] ;
(∗MapSpectrum=Import [” a f t e r s c r a t c h 4 5 0 1 0 0 2 0 0 n N 1 . t x t ” ,” Table ” ] ; ∗)
(∗MapSpectrum=Import [” be foremap sq4 . t x t ” ,” Table ” ] ; ∗)
MapSpectrum = Import [ ”2ums 10cyc 10uN . txt ” , ”Table” ] ;
DimensionAll = Dimensions [ MapSpectrum ] [ [ 1 ] ] ;
(∗ Finds the maximum wavelength , each spectrum w i l l beg in here ∗)
BeginSpectrumWavelength = MapSpectrum [ [ 1 , 3 ] ] ;
(∗ Counts the number o f p i x e l s in the map ∗)
NumOfSpectraInMap =
Count [ MapSpectrum [ [ All , 3 ] ] , BeginSpectrumWavelength ] ;
NumBinsInSpectra = DimensionAll /NumOfSpectraInMap ;
FinalMap = Table [ x , {x , NumOfSpectraInMap} , { j , 3 } ] ;
FinalMapG = Table [ x , {x , NumOfSpectraInMap} , { j , 3 } ] ;
FinalMapNorm = Table [ x , {x , NumOfSpectraInMap} , { j , 3 } ] ;
LogMapNorm = Table [ x , {x , NumOfSpectraInMap} , { j , 3 } ] ;
BeginDpeakSearch = 0 ;
EndDpeakSearch = 0 ;
For [ j = 1 , j <= NumBinsInSpectra , j ++,
I f [ MapSpectrum [ [ j , 3 ] ] >= 1400 ,
BeginDpeakSearch = BeginDpeakSearch + 1 ,
BeginDpeakSearch = BeginDpeakSearch ] ;
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I f [ MapSpectrum [ [ j , 3 ] ] >= 1300 ,
EndDpeakSearch = EndDpeakSearch + 1 ,
EndDpeakSearch = EndDpeakSearch ] ;
] ;
NumBinsToFit = EndDpeakSearch − BeginDpeakSearch ;
MidSpectra = Round [ NumBinsInSpectra / 2 ] ;
Base l ineAverage = Table [ x , {x , 2∗NumBinsToFit + 1 } ] ;
TestDpeakFit = Table [ x , {x , NumBinsToFit } ] ;
BeginGpeakSearch = 0 ;
EndGpeakSearch = 0 ;
For [ j = 1 , j <= NumBinsInSpectra , j ++,
I f [ MapSpectrum [ [ j , 3 ] ] >= 1680 ,
BeginGpeakSearch = BeginGpeakSearch + 1 ,
BeginGpeakSearch = BeginGpeakSearch ] ;
I f [ MapSpectrum [ [ j , 3 ] ] >= 1480 ,
EndGpeakSearch = EndGpeakSearch + 1 ,
EndDpeakSearch = EndDpeakSearch ] ;
] ;
NumBinsToFitG = EndGpeakSearch − BeginGpeakSearch ;
TestGpeakFit = Table [ x , {x , NumBinsToFitG } ] ;
For [ i i = 1 , i i <= NumOfSpectraInMap , i i ++,
FinalMap [ [ i i , 1 ] ] = MapSpectrum [ [ ( i i − 1)∗NumBinsInSpectra + 1 , 1 ] ] ;
FinalMap [ [ i i , 2 ] ] = MapSpectrum [ [ ( i i − 1)∗NumBinsInSpectra + 1 , 2 ] ] ;
FinalMapG [ [ i i , 1 ] ] = MapSpectrum [ [ ( i i − 1)∗NumBinsInSpectra + 1 , 1 ] ] ;
FinalMapG [ [ i i , 2 ] ] = MapSpectrum [ [ ( i i − 1)∗NumBinsInSpectra + 1 , 2 ] ] ;
FinalMapNorm [ [ i i , 1 ] ] =
MapSpectrum [ [ ( i i − 1)∗NumBinsInSpectra + 1 , 1 ] ] ;
FinalMapNorm [ [ i i , 2 ] ] =
MapSpectrum [ [ ( i i − 1)∗NumBinsInSpectra + 1 , 2 ] ] ;
For [ j = MidSpectra − NumBinsToFit , j <= MidSpectra + NumBinsToFit ,
j ++,
Base l ineAverage [ [ j − ( MidSpectra − NumBinsToFit ) + 1 ] ] =
MapSpectrum [ [ j + ( i i − 1)∗NumBinsInSpectra , 4 ] ] ;
] ;
BaselineRemove = Mean[ Base l ineAverage ] ;
For [ x = BeginDpeakSearch , x <= EndDpeakSearch − 1 , x++,
TestDpeakFit [ [ x − BeginDpeakSearch + 1 ] ] =
MapSpectrum [ [ x + ( i i − 1)∗NumBinsInSpectra , 4 ] ] ;
] ;
For [ xx = BeginGpeakSearch , xx <= EndGpeakSearch − 1 , xx++,
TestGpeakFit [ [ xx − BeginGpeakSearch + 1 ] ] =
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MapSpectrum [ [ xx + ( i i − 1)∗NumBinsInSpectra , 4 ] ] ;
] ;
GaussModel = a Exp[−((y − b )ˆ2)/ (2 c ˆ 2 ) ] ;
DpeakGaussFit =
FindFit [ TestDpeakFit , GaussModel , {a , b , c } , y ,
MaxIterations −> 2 0 0 ] ;
GpeakGaussFit =
FindFit [ TestGpeakFit , GaussModel , {a , b , c } , y ,
MaxIterations −> 2 0 0 ] ;
PeakDIntensity = DpeakGaussFit [ [ 1 , 2 ] ] ;
PeakGIntensity = GpeakGaussFit [ [ 1 , 2 ] ] ;
NormDG = ( PeakDIntensity − BaselineRemove )/ ( PeakGIntensity −
BaselineRemove ) ;
FinalMap [ [ i i , 3 ] ] = PeakDIntensity − BaselineRemove ;
FinalMapG [ [ i i , 3 ] ] = PeakGIntensity − BaselineRemove ;
I f [NormDG > 10 ,
FinalMapNorm [ [ i i ,
3 ] ] = ( FinalMapNorm [ [ i i − 1 , 3 ] ] + FinalMapNorm [ [ i i − 2 , 3 ] ] +
FinalMapNorm [ [ i i − 3 , 3 ] ] ) / 3 ,
I f [NormDG < 0 . 25 ,
FinalMapNorm [ [ i i ,
3 ] ] = ( FinalMapNorm [ [ i i − 1 , 3 ] ] + FinalMapNorm [ [ i i − 2 , 3 ] ] +
FinalMapNorm [ [ i i − 3 , 3 ] ] ) / 3 ,
FinalMapNorm [ [ i i , 3 ] ] = NormDG ; ] ] ;
] ;
MaxDPeak = Max[ FinalMap [ [ All , 3 ] ] ] ;
MinDPeak = Min [ FinalMap [ [ All , 3 ] ] ] ;
MaxGPeak = Max[ FinalMapG [ [ All , 3 ] ] ] ;
MinGPeak = Min [ FinalMapG [ [ All , 3 ] ] ] ;
MaxNorm = Max[ FinalMapNorm [ [ All , 3 ] ] ] ;
MinNorm = Min [ FinalMapNorm [ [ All , 3 ] ] ] ;
MaxX = Max[ FinalMap [ [ All , 1 ] ] ] ;
MinX = Min [ FinalMap [ [ All , 1 ] ] ] ;
MaxY = Max[ FinalMap [ [ All , 2 ] ] ] ;
MinY = Min [ FinalMap [ [ All , 2 ] ] ] ;
For [ j j = 1 , j j <= NumOfSpectraInMap , j j ++,
LogMapNorm [ [ j j ,
1 ] ] = ( FinalMapNorm [ [ j j , 2 ] ] − MinY)/(MaxY − MinY)∗20 ;
LogMapNorm [ [ j j ,
2 ] ] = ( FinalMapNorm [ [ j j , 1 ] ] − MinX)/(MaxX − MinX)∗10 ;
LogMapNorm [ [ j j , 3 ] ] = Log [ 1 0 , FinalMapNorm [ [ j j , 3 ] ] ] + 0 . 8 ;
] ;
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MaxLog = Max[ LogMapNorm [ [ All , 3 ] ] ]
MinLog = Min [ LogMapNorm [ [ All , 3 ] ] ]
(∗For [ j j =1, j j<= NumOfSpectraInMap , j j ++,
LogMapNorm [ [ j j , 3 ] ] = LogMapNorm [ [ j j , 3 ] ] + 1 . 1 1 ;
] ; ∗)
MaxXLog = Max[ LogMapNorm [ [ All , 1 ] ] ] ;
MinXLog = Min [ LogMapNorm [ [ All , 1 ] ] ] ;
MaxYLog = Max[ LogMapNorm [ [ All , 2 ] ] ] ;
MinYLog = Min [ LogMapNorm [ [ All , 2 ] ] ] ;
RangeMin = MinLog − 0 .8
RangeMax = MaxLog − 0 .8
(∗ L i s t D e n s i t y P l o t [ FinalMap , Mesh−>None , In te rp o l a t io nO rd e r −>2,\
ColorFunction−>”DarkRainbow ” , PlotRange−>A l l ] ;
legendD=ContourPlot [ y ,{ x ,0 ,1} ,{ y , MinDPeak , MaxDPeak} , ColorFunction−>\
”DarkRainbow ” , AspectRatio−> \
5 , FrameTicks−>{False , True} , FrameTicksStyle−> \
40 , FrameLabel−>{””,”D−Peak I n t e n s i t y ”} , L a b e l S t y l e−> 3 0 ] ;
L i s t D e n s i t y P l o t [ FinalMapG , Mesh−>None , In te rp o l a t io nO r de r −>2,\
ColorFunction−>”DarkRainbow ” , PlotRange−>A l l ] ;
legendG=ContourPlot [ y ,{ x ,0 ,1} ,{ y , MinGPeak , MaxGPeak} , ColorFunction−>\
”DarkRainbow ” , AspectRatio−> \
5 , FrameTicks−>{False , True} , FrameTicksStyle−> \
40 , FrameLabel−>{””,”G−Peak I n t e n s i t y ”} , L a b e l S t y l e−> 3 0 ] ; ∗)
F i n a l p l o t =
ListDensityPlot [ LogMapNorm , ColorFunction −> ”DarkRainbow” ,
AspectRatio −> 0 . 5 , Labe lSty l e −> {70 , FontFamily −> ” C a l i b r i ”} ,
InterpolationOrder −> 1 , Mesh −> None, Frame −> True ,
ImageSize −> 1200 , PlotRange −> {0 , 1} ,
FrameTicks −> {{All , None} , {All , None}} ,
AxesOrigin −> {0 , 0} , (∗DataRange−> {{0 ,20} ,{MinYLog , MaxYLog} ,{0 ,
1}} , ∗) ColorFunctionScaling −> False ,
FrameLabel −> {{”y [ \ [Mu]m] ” , ””} , {” Scratch Distance [ \ [Mu]m] ” ,
”v=1 \ [Mu]m/ s ” }} ]
legendNorm =
ContourPlot [ y , {x , 0 , 1} , {y , RangeMin , RangeMax} ,
ColorFunction −> ”DarkRainbow” , AspectRatio −> 5 ,
FrameTicks −> {False , True} , FrameTicksStyle −> 40 ,
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ImageSize −> 500 , FrameLabel −> {”” , ” Normalized I n t e n s i t y (D/G) ”} ,
Labe lSty l e −> 30 ]
Export [ ” d e f e c t den s i t y 1ums10 cyc l e 2 2 .bmp” , F ina lp lo t , ”BMP” ]
Mathematica code for finding curvature from topograph-
ical data and profilometry
(∗ Pick number o f b in d i v i s i o n s and dimensions o f input f i l e in \
microns ∗)
div = {10 , 20 , 30 , 40 , 45 , 50 , 55 , 60 , 65 , 70 , 75 , 80 , 90 , 100 , 110 ,
120 , 130 , 150 , 175 , 200 , 225 , 250 , 275 , 300 , 400 , 500 , 600} ;
numtimes = Dimensions [ d iv ] [ [ 1 ] ] ;
dimx = 140 ;
dimy = 110 ;
(∗ Set working d i r e c t o r y and import data f i l e ∗)
SetDirectory [ NotebookDirectory [ ] ] ;
s = Import [ ” b e f o r e a n n e a l . xyz” , ”Table” ] ;
(∗ I n t e r p o l a t e ”No Data” ∗)
d imens i ona l l = Dimensions [ s ] [ [ 1 ] ] ;
r = 1 ;
rcurveav = Table [ i , { i , numtimes } , { j , 2 } ] ;
r curves tdev = Table [ i , { i , numtimes } , { j , 2 } ] ;
x l o c = Table [ i , { i , d imens i ona l l } ] ;
y l o c = Table [ i , { i , d imens i ona l l } ] ;
For [ i = 6 , i <= dimens iona l l , i ++,
I f [ s [ [ i , 3 ] ] == 0 ,
s [ [ i , 3 ] ] = ( s [ [ i − 5 , 3 ] ] + s [ [ i − 4 , 3 ] ] + s [ [ i − 3 , 3 ] ] +
s [ [ i − 2 , 3 ] ] + s [ [ i − 1 , 3 ] ] ) / 5 ; , r = 1 ;
] ;
x l oc [ [ i ] ] = s [ [ i , 1 ] ] ;
y l oc [ [ i ] ] = s [ [ i , 2 ] ] ;
] ;
(∗ C a l c u l a t e number o f p o i n t s ∗)
maxx = Max[ x l o c ] ;
maxy = Max[ y l o c ] ;
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For [ kk = 1 , kk <= numtimes , kk++,
binx = Round [ maxx/ div [ [ kk ] ] ] ;
biny = Round [ maxy/ div [ [ kk ] ] ] ;
hx = dimx/ div [ [ kk ] ] ;
hy = dimy/ div [ [ kk ] ] ;
(∗ Make a t a b l e f o r r a d i u s o f curva ture o f a l l po in ts , d i v ∗ d i v ∗)
rcurve = Table [ i , { i , d iv [ [ kk ] ] ∗ ( div [ [ kk ] ] − 2 ) } ] ;
curvetemp = 1 ;
k = 1 ;
(∗ Populate r a d i u s o f curva ture data ∗)
For [ j = 1 , j <= div [ [ kk ] ] , j ++,
For [ i = 2 , i <= ( div [ [ kk ] ] − 1) , i ++,
curvetemp = ( s [ [ ( i − 1)∗ binx + j ∗biny , 3 ] ] −
2∗ s [ [ i ∗binx + j ∗biny , 3 ] ] +
s [ [ ( i + 1)∗ binx + j ∗biny , 3 ] ] ) / ( hx ˆ 2 ) ;
I f [ curvetemp > 1000 , rcurve [ [ k ] ] = 0 ; , rcurve [ [ k ] ] = curvetemp ; ] ;
k = k + 1 ;
] ;
] ;
l eng th rcurve = Dimensions [ r curve ] [ [ 1 ] ] ;
For [ i i = 1 , i i <= lengthrcurve , i i ++,
I f [ r curve [ [ i i ] ] > 140 , rcurve [ [ i i ] ] = 0 ; , r = 1 ; ] ;
] ;
(∗ p l o t r=Histogram [ rcurve ] ∗)
rcurveav [ [ kk , 1 ] ] = hx ;
r curves tdev [ [ kk , 1 ] ] = hx ;
rcurveav [ [ kk , 2 ] ] = Mean[ r curve ] ;
r curves tdev [ [ kk , 2 ] ] = StandardDeviation [ r curve ] ;
] ;
gg = ListPlot [ rcurveav ] ;
hh = ListPlot [ r curve s tdev ] ;
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